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FOREWORD 

This  report  was  prepared  by  the  Research  Triangle  Institute, 

Research  Triangle  Park,  North  Carolina,  under  Contract  NAS1-7537.  The 

work  is  being  administered  by  the  Communications  Research  Section, 

Telecommunications  Research  Branch,  Flight  Instrumentation  Division, 

Langley  Research  Center. Mr. Richard H. Couch  is  the  Langley  technical 
representative  for  the  Contract. 

This  report  presents  the  results  of  Phase 111 of  a  three-phase 

program  which  began on July 6 ,  1967.  Phase I and  Phase I1 results  were 

presented in.Reference [ 2 ] .  RTI  staff  members  participating i n  the 

study  were  as  follows: C. L.  Britt,  Jr.,  Project  Leader;  E. G .  Baxa,  Jr., 

Systems  Engineer; E. L. Sheppard,  Systems  Engineer; R. C.  Haws,  Systems 

Analyst;  Mrs. C. M. Davis,  Programmer;  and  Mrs. J. L. Gatz,  Research 
Assistant. 
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INVESTIGATION OF THE PERFORMANCE  CHARACTERISTICS OF A 
DOPPLER RADAR TECHNIQUE FOR AIRCRAFT COLLISION HAZARD WARNING 

PHASE I11 

I. SUMMARY AND CONCLUSIONS 

A program  of  system  studies,   equipment  simulations,   hardware  develop- 

ment,  and f l i g h t  tests has   been   conducted   wi th   the   ob jec t ive   o f   the   deve lop-  

ment  of a low-cos t   device   to   warn   the   p i lo t   o f   an   impending   mid-a i r   co l l i s ion  

hazard.   The  program  has  resulted  in. the  development  of a coope ra t ive  CW 

Doppler   radar   system  which  has   the  capabi l i ty  of provid ing  a minimum warning 

time of 1 5   t o  35 seconds   (ad jus tab le)  and  which  has   the  potent ia l  of  low use r  

c o s t .   I n   t h i s   r e p o r t ,   t h e   P i l o t  Warning I n d i c a t o r  (PWI) system  operat ion is 

descr ibed  and  var ious systems ana lyses  are discussed  which were conducted  to  

p r e d i c t  and evaluate  the  system  perfoi-mance. 

I n   o r d e r   t o  realistically eva lua te   t he   sys t em  unde r   mu l t ip l e   a i r c ra f t  

cond i t ions ,  a computer  simulation  approach was chosen .   Ac tua l   a i r c ra f t  

t r a f f i c   d a t a   o b t a i n e d  by t h e  FAA from  the  radar   system a t  t h e   A t l a n t a  air- 

p o r t  were used as a m a j o r   i n p u t   t o   t h e   s i m u l a t i o n s .  A mathematical  model 

of the  warning  system was developed  and  s imulated  using  both  the  Atlanta  

t r a f f i c   da t a   and   ex tended   da t a   based  on s t a t i s t i c s   d e r i v e d  from t h e   A t l a n t a  

t r a f f i c   d a t a .  

The At l an ta   t r a f f i c   da t a   cons i s t ed   o f   t he   t h ree -d imens iona l   pos i t i on  

c o o r d i n a t e s   o f   e a c h   a i r c r a f t  on t h e   r a d a r   t r a c k   i n   t h e   t e r m i n a l  area taken 

a t  four -second  in te rva ls .  Twelve  one-hour  samples  of  data were taken  a t  

peak  hours  over a f ive-day  per iod.   Using  these  data ,  it was p o s s i b l e   t o  

determine  the  system  performance as i f  each   a i rc raf t   had   been   equipped   wi th  

a PWI sys tem  dur ing   the   per iod   covered  by t h e   d a t a   b a s e .   P a r t i c u l a r  

a t t e n t i o n  w a s  g iven   t o   de t e rmin ing   t he  alarm statistics a n d   t h e   p r o b a b i l i t i e s  

of s y s t e m   s a t u r a t i o n   u n d e r   m u l t i p l e   a i r c r a f t   c o n d i t i o n e .  

General s t u d i e s  were conducted  to  compare  the alarm performance 

o f   v a r i o u s   i d e a l   s y s t e m   u s i n g   d i f f e r e n t   w a r n i n g  criteria. These 

g e n e r a l   s t u d i e s  are documented i n  NASA Contractor   Report  CR-1470. It 

was conc luded   f rom  the   gene ra l   s tud ie s   t ha t ,  as a minimum, t h e   r e q u i r e d  

measurements f o r  a PWI system were measurements of relative range,  



c l o s i n g   v e l o c i t y ,   a n d   a l t i t u d e   d i f f e r e n c e   t o   t h e  most hazardous   t a rge t .  

Using these  measurements,  i t  I s  p o s s i b l e   t o   p r o v i d e  a minimum warning 

t h e  of 25 seconds   o f   an   impending   hazard   whi le   main ta in ing   the   p robabi l i ty  

of a n  alarm w h i l e   i n   t h e   t e r m i n a l  area t o  a v a l u e  less than  .003 under 

cond i t ions  similar t o   t h o s e   i n   t h e   A t l a n t a   d a t a   b a s e .  

P r e v i o u s   s t u d i e s   h a v e   a l s o   i n d i c a t e d   t h a t   t h e   p r o b a b i l i t y   o f  

observing two haza rdous   t a rge t s   s imu l t aneous ly   ( fo r   warn ing  tines on 

the   o rde r   o f  25 seconds)  is n e g l i g i b l e .   T h u s ,   t h e   d a t a   i n d i c a t e   t h a t  

the   equipment   does   no t   requi re  a c a p a b i l i t y   o f   p r o v i d i n g   f o r   i n u l t i p l e  

t a r g e t  alarms i f  means are p rov ided   fo r   s e l ec t ing   t he   mos t   haza rdous  

t a r g e t .  By e q u i p m e n t   d e s i g n   t h a t   e f f e c t i v e l y   f i l t e r s   o u t  a i rcraf t  t h a t  

are less hazardous ,   cons iderable   equipment   s impl i f ica t ion   can   and   has  

been  achieved. 

It  i s  p o s s i b l e   f o r   t h e   f o l l o w i n g  two types  of e r roneous   i nd ica t ions  

t o   o c c u r   i n   t h e   s y s t e m :  (1) an alarm occurs  when a c o l l i s i o n   h a z a r d  

d o e s   n o t   e x i s t ,  and (2)  an alarm is missed when a c o l l i s i o n   h a z a r d   d o e s  

e x i s t .  The f i r s t   t y p e  of alarm occurs   even   in   idea l   sys tems  because  

the  alarm c r i t e r i a   s e l e c t e d   f a i l   t o   p r o v i d e   s u f f i c i e n t   d i s c r i m i n a t i o n  

between  hazards  and  nonhazards. The p robab i l i t y   o f   t h i s   t ype   o f  alarm 

can  be  reduced  to   any  degree  desired by reducing  the  warning  t ime (see 

NASA CR-1470). Thus, a t r adeof f  is involved  between  warning time and 

p i l o t  workload   a l loca ted   to   responding   to  alarms. It i s  b e l i e v e d   d e s i r a b l e  

t o   p r o v i d e   a n   a d j u s t a b l e   t h r e s h o l d   s u c h   t h a t   t h e   p i l o t  sets the  warning 

time on t h e   b a s i s  of t h e   e x i s t i n g   f l i g h t   c o n d i t i o n s .  For example, i t  

may b e   d e s i r a b l e   t o   a c c e p t  a shorter   warning time i n   t h e   t e r m i n a l  area 

t h a n   i n   e n   r o u t e   s e c t o r s .  

The  second  type  of f a l s e   i n d i c a t i o n  may occur  because of the   par -  

t i c u l a r   t e c h n i q u e s   u s e d   i n   g e n e r a t i n g  and  decoding  the  recogni t ion  code 

f o r   t h e   r a d a r .  It is  p o s s i b l e   f o r   c o d e s   f r o m   d i f f e r e n t   t r a n s m i t t e r s   t o  

be in   synchronism and i f   t h i s   s i t u a t i o n   o c c u r s ,  a l o s s  of  communications 

w i l l  e x i s t  and r e su l t  i n  a f a i l u r e   i n   t h e   i n d i c a t i o n  of an alarm i n   e i t h e r  

a i r c r a f t .  The p r o b a b i l i t y  of t o t a l  communicat ion  loss   during a per iod 

when an alarm s h o u l d   b e   g i v e n   d u e   t o   t h i s   e f f e c t  i s  c a l l e d   t h e   p r o b a b i l i t y  

of a missed alarm. 
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The p robab i l i t y   o f  a missed alarm has   been   ca l cu la t ed   fo r   va r ious  

recogni t ion   codes   and   o ther   sys tem  parameters .   For   the   coding   technique  

and   parameters   se lec ted ,  a c a l c u l a t i o n   i n d i c a t e s   t h a t   t h e   p r o b a b i l i t y  

of a missed alarm (de f ined  as a communications  loss  of  10  seconds  or 

g r e a t e r )  is less than  1 x (see Sec t ion  V-E). T h i s   p r o b a b i l i t y  

could   be   reduced   to   an   even  smaller v a l u e   b y   u s i n g   d i f f e r e n t   r e c o g n i t i o n  

c o d e s   f o r   d i f f e r e n t   t r a n s m i t t e r s   o r  by increasing  system  bandwidths .  

A n o t h e r   f a c t o r   w h i c h   c a n   r e s u l t   i n  a f a i l u r e   i n   t h e   i n d i c a t i o n   o f  

a n  alarm i n  one  of  the two a i r c r a f t   i n v o l v e d   i n  an encounter  is t h e  

i n t e n t i o n a l l y   r e s t r i c t e d   a n t e n n a   c o v e r a g e .  The transceiver a n t e n n a   p a t t e r n  

is shaped   to   p rovide   un i form  coverage   in   the   forward   ha l f   p lane   over  

a n   a n g l e  of - +loo" ho r i zon ta l ly   and  - +15" v e r t i c a l l y .  The t ransponder  

a n t e n n a   p a t t e r n  is uniform  over 360" ho r i zon ta l ly   and  - +15" v e r t i c a l l y .  

Thus, alarms due to   a i r c ra f t   app roach ing   f rom  beh ind   t he   p ro t ec t ed  

a i r c r a f t   o r  from  above  or  below  with a l a r g e   v e r t i c a l   v e l o c i t y  may 

n o t   b e   i n d i c a t e d   u n t i l   t h e   r a n g e   b e t w e e n   t h e   a i r c r a f t  becomes very   smal l .  

I n   o r d e r   t o   d e t e r m i n e   t h e   s e v e r i t y   o f   t h e   s a t u r a t i o n   a n d   i n t e r -  

fe rence   p roblems  for   the  PWI system, a simulated  system  has  been  "flown" 

on a l l  a i r c r a f t   r e p r e s e n t e d   i n   t h e   r a d a r   t r a f f i c   d a t a   f r o m   t h e   A t l a n t a  

a i r p o r t .   S t a t i s t i c s   h a v e   b e e n   d e r i v e d  which i n d i c a t e   t h e   p r o b a b i l i t i e s  

of sys t em  sa tu ra t ion   and   i n t e r f e rence .  

F igure  41, page 61, shows the   sa tura t ion   per formance  of t he   t r ans -  

ponder. The v e r t i c a l   s c a l e   i n d i c a t e s   t h e   a v e r a g e   p e r c e n t   o f  time t h a t  

the  power leve l   f rom  the   t ransponder  was g rea t e r   t han   t he   l eve l   g iven   a long  

t h e   h o r i z o n t a l   a x i s .   S e v e r a l   c u r v e s  are ? lo t t ed ;   one   (do t t ed )   r ep resen t s   t he  

sa tura t ion   per formance   ob ta ined  when us ing   t he   A t l an ta   r ada r   da t a ,   wh i l e  

t h e   o t h e r s   r e p r e s e n t   r e s u l t s   o b t a i n e d  from a s i m u l a t i o n   w i t h   t r a f f i c  

d e n s i t i e s  up t o   t h r e e  times as g r e a t  as t h e  Atlanta  r a d a r   t r a f f i c  

dens i ty .   No te   t ha t   fo r  all cases t h e  power output  of t h e   t r a n s -  

ponder  did  not  exceed  one watt (o r  30 dbm), and  for  a l a r g e   p e r c e n t  of 

t he  time the   t ransponder  is ope ra t ing  a t  power l eve l s   cons ide rab ly  less 

than   th i s   va lue .   Thus ,   the   t ransponder  is no t   p rone   t o   s a tu ra t ion   unde r  

t r a f f i c   d e n s i t i e s   c o n s i d e r a b l y   i n   e x c e s s  'of t he   A t l an ta   dens i ty .  The 
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total  transponder  output  power  exceeded 0 .3  watt  only 0.7 percent  of  the 

time  for  the  Atlanta  density. 

At the  receiver,  the  most  important  saturation-indicating  parameter 

is the  signal-to-interference  ratio  during  periods  in which  a  hazard  should 

be  indicated.  Figure 4 3 ,  page 62, indicates  the  percent  of  alarm  time  that 

the  signal-to-interference  ratio  is  greater  than  a  value  given  along  the 

horizontal  axis,  with  a  warning  time  of 25 seconds  used.  Again,  curves 

are  shown  for  results  taken  from  the  Atlanta  traffic  data  and  2lso  from  the 

simulation  using  traffic  densities  up  to  three  times  that  of  the  Atlanta 

data.  As  may  be seen, the  signal-to-interference  ratio  during  alarm  situa- 

tions  exceeded 35  (15.5 db)  in  the  case  of  the  Atlanta  traffic  density  and 

exceeded 12 (11 db)  for  the 40 A/C  simulated-density  case  during  at  least 
90 percent  of  the  alarm  time. 

It may  be  concluded  that  considerable  progress has been  made  towards 

the  development  of  a PWI system  suitable  for  all  classes  of  aircraft  including 

general  aviation.  The  system  requirements  and  technical  approach  are  now 

well  defined  and  the  major  problem  areas,  such as  differentiation  between 

hazards  and  nonhazards  and  development  of  the  capability  for  handling  a 

large  number  of  aircraft  without  saturation,  have  been  solved  with  relatively 

simple  equipment. The  studies  indicate  that  the  operation  of  the  system 

will  be  satisfactory  in  a  multiple-aircraft  environment.  Finally,  the 

system  concept  has  the  potential  of  being  made  available  at  a  moderate  to 

low  user  cost. 
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11. INTRODUCTION 

Since  1967,  research  has  been  conducted  at  NASA - Langley  Research 
Center on the  problem  of  providing  a  low-cost  instrument  to  warn  the 
pilot  of  an  impending  mid-air  collision  hazard.  This  research  has 

consisted  of  a  program  of  system  studies,  equipment  simulations,  hard- 

ware  development,  and  flight  tests.  A  first-generation  warr,ing  system 

has  been  constructed  and  two  engineering  models  have  been  successfully 
flight  tested.  Based on this  development  and  the  flight  tests, a 

second-generation  system  has  been  developed  which  provides  more 

accurate  measurements  and  has  a  potentially  lower  cost. 

This  report  documents  the  Phase  I11  effort of supporting  system 

studies  to  the NASA - Langley  Reseaxch  Center  program.  The  objectives 
of  the  Phase  I11  efforts  have  been  to: 1) assist  in  the  development 
of  specifications  for  the  second-generation  collision  warning  system, 

2) develop  mathematical  models  and  conduct  computer  simulations  of  the 

system  to  evaluate  the  system  performance, 3) investigate  and  develop 

mathematical  modeling  techniques  for  the  simulation  of  terminal  area 
traffic  with  variable  density  and 4) investigate  techniques  for  the 
real-time  simulation  of  intruding  aircraft  flying  within  the  terminal 

area  traffic. 
In  Phase  I  of  this  contract,  the  feasibility  of  a  dynamic  computer 

simulation  of  the  aircraft  collision  hazard  warning  system  developed  by 
NASA-Langley  personnel  was  investigated.  The  simulation  was  found  to  be 

feasible  and  well  within  the  capabilities  of  the  available  digital 
' computers. 

One  of  the  major  objectives  of  the  Phase I effort  was  to  obtain 
data  defining  aircraft  motions  in  a  typical  airport  terminal  area. 

Through  the FAA, twelve  one-hour  samples  of  digitized  radar  data, 
controller-aircraft  voice  communications  tapes,  and  controller  log  sheets 

l were  collected  at  the  Atlanta,  Georgia  terminal.  These  data  were  taken 

during  morning,  afternoon,  and  evening  peak  traffic  periods  over  a  five 
day  interval  during  the  month  of  August  1967.  The  data  were  edited  by 
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FAA personnel  a t  N a t i o n a l   A v i a t i o n   F a c i l i t i e s   E x p e r i m e n t a l   C e n t e r  (NAFEC) 

and made a v a i l a b l e   t o  RTI i n  the   form of d i g i t a l   m a g n e t i c   t a p e .  The 

e d i t e d   d a t a   c o n t a i n ,   f o r   t h e   m a j o r i t y  of t h e   a i r c r a f t   w i t h i n  a 35-mile 

r a d i u s   o f   t h e   A t l a n t a   a i r p o r t ,  (1) p o s i t i o n   d a t a   i n   x y z   c o o r d i n a t e s   f o r  

a l l  a i r c r a f t   u n d e r   t r a c k  a t  fOUr-6eCOnd i n t e r v a l s   ( a p p r o x i m a t e l y  700 

a i r c r a f t   t r a c k s   w i t h  a t o t a l   f l i g h t  time of approximate ly   119   hours ) ,  

(2) coord ina te  rates a t  f o u r - s e c o n d   i n t e r v a l s   f o r  a l l  a i r c r a f t   u n d e r  

t r a c k ,  and (3) supplementary   da ta   such  as i d e n t i f i c a t i o n  of a i r c r a f t  

and time of  day. The d a t a   b a s e  i s  d e s c r i b e d   i n   d e t a i l   i n   t h e   P h a s e  I1 

In ter im  Repor t  on t h i s   c o n t r a c t ,  Ref. [I]. 
In   Phase  I1 of t h e   c o n t r a c t ,   g e n e r a l   s t u d i e s  of PWI and CAS alarm 

statistics were made u s i n g   t h e   A t l a n t a   t r a f f i c   d a t a  and v a r i o u s   a n a l y t i c a l  

s t u d i e s  were conducted   to   eva lua te   the   per formance  of t h e   f i r s t - g e n e r a t i o n  

system.  The  Phase I1 e f f o r t   h a s   b e e n   r e p o r t e d  upon i n   v a r i o u s   c o n t r a c t  

r e p o r t s  and publ ica t ions ,   Refs .  [ 2 ]  t o  [ 4 ] .  

In   t he   fo l lowing ,   t he   Phase  I11 s t u d i e s  are d e s c r i b e d   i n   d e t a i l .  

These   s tud ie s  were primari ly   concerned  with  analyses   of   the   range and 

Doppler  measurement  techniques  and  with  analysis of the  performance of 

t h e   s y s t e m   u n d e r   m u l t i p l e   a i r c r a f t   c o n d i t i o n s   w i t h   p a r t i c u l a r   a t t e n t i o n  

g i v e n   t o   t h e   p o s s i b i l i t y  o f   s y s t e m   s a t u r a t i o n   i n   h i g h   d e n s i t y   t r a f f i c  

s i t u a t i o n s .  
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111. SYSTEM DESCRIPTION 

A. General  Operation 

The hardware  under  development  at LRC is ahown  pictorially in 
Fig. 1. It consists  of  a  transceiver  and  display  unit  on-board  the 
protected  aircraft  and  a  linear  transponder  on-board  the  intruding 

aircraft.  The  protected  aircraft  should  also  carry  the  transponder. 
The  display  might  consist  of an alarm  indication  coupled  variously  with 

indications  of  relative  intruder  position,  altitude  separation,  and 
time-to-collision. 

A functional  block  diagram  of  the  system  is  shown  in  Fig. 2.  Fig. 3 

indicates  the  type  of  signal  processing  used  to  accomplish  the  functions  given 
in Fig. 2. The  system is basically a continuous wave (CW) cooperative  Doppler 

radar. It operates  at  a  transmitter  power  of  approximately  one  watt  to 
ensure  a  low  probability  of  system  saturation.  The  carrier  frequency  of 

5 . 2 0  GHz is  frequency  modulated  by  a  recognition  code  generated on each 
aircraft  by  a  pseudo-noise (PN) process.  The  purpose of' this  recognition 

code  is  to  allow  all  aircraft  to  operate  simultaneously in the  same  frequency 

allocation  without  significant  interference,  and  also  to  provide  for 
measurement of relative  range. 

The  transponder  on-board  the  intruding  aircraft  is  simply  a  linear 

repeater  which  receives,  amplifies,  shifts  frequency  and rexansmits all 
interrogations  from  other  aircraft  transmitters.  The  recognition  code  on 

each  received  signal  is  preserved  at  the  transponder  output. In addition, 
a  coded  message  is  applied  to  all  transponder  reply  signals  which  conveys 

the  intruding  aircraft  altitude.  The  maximum  transponder  output  power 
is  one  watt,  and  the  nominal  output  frequency  is  5.1 GHz.  

At the  receiver,  the  signal  strength  varies  inversely  as  the  fourth 
power of the  range  between  aircraft.  The  received  frequency  differs 

from  the  transmitted  frequency  by  an  amount  equal  to  the  offset  intro- 

duced in the  transponder  plus  the  Doppler  shift  associated  with  the 

closing  velocity  between  the two aircraft.  The  received  frequency  also 

has  associated  with it modulation  cornponents  which  are  the  result of 
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Fig. 1. Pictor ia l  Diagram of the System. 

r"""" I-"""" 

r - - - - - -  . 
Select Returns 

r - -  - - - - - - -  "1 
1 1 

I " i I  

I " 
r--- - "  

Determine M d i t i a n a l  
Intruder Receiver 

I !  
""" J L""l 

DATA PROCESSOR  RECEIVER 

I A l t i t u d e  

I LINEAR 

Altitude 

Fig. 2.  Functional  Block Diagram of the PWI System. 

8 



""_""" _""_"""""""- ----- 
I -  7 
I 

I I 
I .  

Turnmu POEIOSC. I 
I* LI. 

I 
I 

I 

Fig, 3. Block  Diagram  Indicating  Signal  Processing  Techniques. 



the   recogni t ion   code   and   the   a l t i tude   coded   message .  

I n  p r a c t i c e   t h e r e  w i l l  b e  many r e p l y   s i g n a l s   p r e s e n t  a t  t h e  

receiver inpu t   s imu l t aneous ly .  Some o f   t h e s e   r e p l i e s  w i l l  b e   t h e  

r e s u l t  o f   i n t e r roga t ions   o f  a number of  transponders  by  the  ownship 

t r a n s m i t t e r   ( d e s i r e d ) .   O t h e r s  w i l l  b e   r e p l i e s   t o   t r a n s m i t t e r s   o t h e r  

than  the  ownship transmitter ( i n t e r f e r i n g ) .  One f u n c t i o n   o f   t h e  

receiver is to   d i s t i ngu i sh   be tween   t he   des i r ed   r ep l i e s   and   t he  inter-  

f e r i n g   r e p l i e s .  This is accomplished i n   t h e  receiver f r o n t   e n d  by 

a c o r r e l a t i o n   p r o c e s s   w h i c h   s u p p r e s s e s   i n t e r f e r i n g   r e p l i e s   a n d  amp- 

l i f i e s   d e s i r e d   r e p l i e s .  

The ove ra l l   r ece ive r   ga in -ve r sus - f r equency   cha rac t e r i s t i c  is 

chosen   such   tha t   the   s igna l   f rom  the   in t ruding   a i rc raf t   which   has   the  

most  hazardous  combination  of  range  and  closinR  velocity  produces  the 

l a rges t   magn i tude   s igna l  a t  t h e   r e c e i v e r   o u t p u t .   T h u s ,   t h e   s i g n a l  

w i t h   t h e   s h o r t e s t   a p p a r e n t   t i m e - t o - c o l l i s i o n   a p p e a r s   l a r g e s t  a t  t h e  

r e c e i v e r   o u t p u t .  The above   s t a t emen t   imp l i e s   t ha t   deg ree   o f   haza rd  

is  measured i n   t h e   r e c e i v e r  by observ ing  a combinat ion  of   s ignal   s t rength 

and   Doppler   sh i f t .  

Af t e r   t he   s igna l   f rom  the   mos t   haza rdous   a i r c ra f t   has   been  

s e l e c t e d ,  i t  is  f u r t h e r   a c t e d  upon  by the   da ta   p rocessor   to   measure  

c l o s i n g   v e l o c i t y ,   r a n g e ,   a n d   a l t i t u d e   d i f f e r e n c e .  The c los ing   ve lo-  

c i t y  is measured  by  observing  the  average  Doppler  shift   of  the re- 

ce ived   s igna l .  The range i s  measured by obse rv ing   t he  time de lay  

between  the time of t r ansmiss ion   and   t he  t i m e  of a r r i v a l   o f   t h e  

recogni t ion  code.  The a l t i t u d e   d i f f e r e n c e  is  measured by comparing 

the   decoded   a l t i t ude   message   f rom  the   i n t rud ing   a i r c ra f t   w i th   t he  

ownship alt i tude.   Approximate  t ime-to-closest   approach is determined 

by ca lcu la t ing   the   ra t io   o f   measured   range   to   measured   c los ing  

v e l o c i t y .  

Other  measurements  that may be made by   the   sys tem  inc lude   in t ruder  

bearing,  which is  measured by t h e   i n c o r p o r a t i o n   o f   a n   a d d i t i o n a l   r e c e i v e r  

channel ,   and  projected miss dis tance,   which is obta ined  by a d d i t i o n a l  

da t a   p rocess ing .  The d e s i r a b i l i t y   a n d   f e a s i b i l i t y   o f   t h e  miss d i s t a n c e  

measurement  has  not  yet  been  determined. 
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The  warning criteria used  and  the  measurement  techniques are d i scussed  

i n  more d e t a i l   i n   t h e   f o l l o w i n g   s e c t i o n s ,  

B. Warning Criteria 

Various  warning criteria have   been   i nves t iga t ed   i n   p rev ious   s tud ie s  

(Kef. [l]). The mod i f i ed   t au   c r i t e r ion   deve loped  by Holt  (Ref .  [ S I )  was 

s e l e c t e d  as t h e   c r i t e r i o n   t h a t   p r o v i d e d   t h e   b e s t   t r a d e o f f  of p r o t e c t i o n  

versus   d i scr imina t ion   aga ins t   non-hazardous   t a rge ts .  
The m o d i f i e d   t a u   c r i t e r i o n  is  based  on  the  fol lowing  phi losophy:  

one   cons iders  any i n t r u d e r  a hazard if i t  is p o s s i b l e   f o r   t h e   a i r c r a f t  

i n v o l v e d   t o   c o l l i d e   w i t h i n  a des igna ted  time, T ~ ~ ,  i f   e a c h   a i r c r a f t  

makes t h e   w o r s t   p o s s i b l e  maneuver.   Since  aircraft   maneuvers  have 

d e f i n i t e   a c c e l e r a t i o n  limits, an   acce le ra t ion   cons t r a in t   can   be   u sed  

t o   d e f i n e  a set  of possible  maneuvers.  

The set of a l l  a i r c r a f t   t h a t   c a n   r e a c h  a p r o t e c t e d   c r a f t ' s   p o s i -  

t i o n   i n  a time less than a given time T*, us ing  a r e l a t i v e   a c c e l e r a -  

t i o n  no g r e a t e r   t h a n  a g i v e n   a c c e l e r a t i o n  (VI, have  values  of r e l a t i v e  

r ange   (R) ,   c lo s ing   ve loc i ty  ( A ) ,  and  normal   veloci ty  (V 1, which 

s a t i s f y   t h e   e q u a t i o n  
n 

2 u t  2 4  
(R - k t )  + V n 2 t 2  = - 4 

f o r  some t between 0 and T*. 

The r e g i o n   i n  R,  &, Vn space   def ined  by equation  (1) w i l l  a l s o   b e  

c o n t a i n e d   i n  a reg ion   def ined  by 

2 

R - RT, < - 2 u T m k  

or 

which  uses  range (R) and   c los ing   ve loc i ty  (k) only .   Note   tha t   the  

terms UT L/2 and T~~ are s e l e c t e d   c o n s t a n t s   d e f i n i n g   t h e  alarm th resho ld  
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a n d   r e l a t i v e   a c c e l e r a t i o n   a l l o w e d * .  The c r i t e r i o n   g i v e n  by  equation (2) t hus  

provides   an   approximat ion   to   the   reg ion   def ined   by   equat ion  (1) a n d   l e a d s   t o  

a w a r n i n g   c r i t e r i o n   d e s i g n a t e d  as the   "mod i f i ed   t au"   c r i t e r ion ,   w i th   an  encoun- 

ter def ined  by T < T where m mk 

-R + (i2 + 2uR)1'2 
T =  m U 

The r e g i o n   i n   t h e  R ,  p l a n e   f o r   t h e   m o d i f i e d   t a u   c r i t e r i o n  is shown i n  

Fig.  4 f o r  a mod i f i ed   t au   va lue  of 25 s e c o n d s .   N o t i c e   t h a t   t n i s   c r i t e r i o n  

provides  a p rox imi ty   warn ing   even   i f   t he   c los ing   ve loc i ty  i s  zero  and t h a t  i t  

t a k e s   i n t o   a c c o u n t   t h e   p o s s i b i l i t y  of c u r v e d   ( a c c e l e r a t i n g )   r e l a t i v e   t r a j e c -  

t o r  ies . 
P r e v i o u s   s t u d i e s   h a v e   a l s o   i n d i c a t e d   t h e   d e s i r a b i l i t y  of t h e   i n c l u s i o n  of 

r e l a t i v e   a l t i t u d e   m e a s u r e m e n t s   t o   p r o v i d e   d i s c r i m i n a t i o n   a g a i n s t   f a l s e  alarms. 

That is, i t  is d e s i r a b l e   t o   s u p p r e s s   t h e  alarm f o r   a i r c r a f t   s e p a r a t e d  more 

than  approximately 1,000 fee t   i n   a l t i t ude   even   t hough   t he   mod i f i ed   t au   measu re -  

ment i n d i c a t e s  a po ten t i a l   haza rd .  

To p rov ide   fo r   ca l cu la t ion   o f   t he   warn ing   c r i t e r ion ,   t hen ,   t he   bas i c  

measurements made by the   sys tem are measurements  of r e l a t i v e   r a n g e ,   c l o s i n g  

v e l o c i t y ,  and a l t i t u d e   d i f f e r e n c e .  A s  mentioned  previously,  i t  is a l s o   d e s i r -  

a b l e   t o   m e a s u r e   t h e   b e a r i n g   t o   t h e   h a z a r d   i n   o r d e r   t o  assist i n   v i s u a l   a c q u i -  

s i t i o n .  The fo l lowing   s ec t ion   d i scusses   t he   t echn iques   u sed   t o   ob ta in   t hese  

basic  measurements.  

C. Measurement  Techniques 

1. Range  and c l o s i n g   v e l o c i t y  measurements.-  The  technique for   measur ing  

range   and   c los ing   ve loc i ty  i s  i l l u s t r a t e d   i n   F i g .  5. Fig.   5a shows a p o r t i o n  

of t h e  PN code as genera ted  by a s h i f t   r e g i s t e r .   T h i s  PN code is then   i n t e -  

g ra t ed   t o   p rov ide  a wave shape as shown in   F ig .   5b .  The i n t e g r a t e d  PN code is 

then   used   to   modula te   the  FM t r a n s m i t t e r  and r e p r e s e n t s   t h e   t r a n s m i t t e d  

frequency. 

The t r ansmi t t ed  waveform is re tu rned  by a l i nea r   t r ansponder ,   r ece ived  a t  

*U = 16.6  fps  and ~~~p 15 t o  35 secs. are r e p r e s e n t a t i v e   v a l u e s .  2 
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t h e   p r o t e c t e d   a i r c r a f t   r e c e i v e r ,   a n d  mixed with a f requency-sh i f ted   vers ion   of  

t he   ou tgo ing   s igna l .  The   mix ing   ope ra t ion   e f f ec t ive ly   sub t r ac t s  the frequen- 

cies o f   t h e   r e t u r n e d   s i g n a l   a n d  the t r a n s m i t t e d   s i g n a l   t o   p r o v i d e  a waveform 

as shown i n  Fig. 5c. Th i s  waveform h a s   a n   a m p l i t u d e   p r o p o r t i o n a l   t o   t h e  

range  t o  t h e   t a r g e t   a n d   a n   a v e r a g e   v a l u e   p r o p o r t i o n a l   t o   t h e   D o p p l e r   s h i f t   o r  

c l o s i n g   v e l o c i t y   o f   t h e   t a r g e t .   F u r t h e r   p r o c e s s i n g   t o   d e r i v e   t h e   a m p l i t u d e  

and   average   f requency   of   the   waveform  provides   vo l tages   p roporr iona l   to  

r e l a t i v e   r a n g e   a n d   c l o s i n g   v e l o c i t y .  

2 .  R e l a t i v e   a l t i t u d e   d i f f e r e n c e  measurements.- It is a n t i c i p a t e d   t h a t  

a l t i t u d e  w i l l  be   measured  using  barometr ic   pressure  sensors   on  board  the  pro-  

t ec t ed   and   coope ra t ing   a i r c ra f t .   These   s enso r s  w i l l  produce a vol tage   p ro-  

p o r t i o c a l   t o   a b s o l u t e   a l t i t u d e ,   w h i c h  w i l l  b e   u s e d   t o   d r i v e   i d e n t i c a l   v o l t a g e -  

c o n t r o l l e d  KC o s c i l l a t o r s   i n   b o t h   t h e   r e c e i v e r  on t h e   p r o t e c t e d   a i r c r a f t  and 

the   t r ansponder   on   coope ra t ing   a i r c ra f t .  

A s  i nd ica t ed   i n   t he   b lock   d i ag ram of Fig. 3,  t h e   a l t i t u d e   t o n e s  are 

phase -modu la t ed   on to   t he   i n t e r roga t ing   s igna l s   p re sen t   i n   t he   t r ansponder .  

A t  t h e   r e c e i v e r ,   t h e   a l t i t u d e   t o n e s  are separa ted   f rom  the  PN and  Doppler 

modulation,  demodulated,   and  the  frequency  difference i s  compared  and  con- 

v e r t e d   i n t o   a l t i t u d e   d i f f e r e n c e   i n   t h e   d a t a   p r o c e s s i n g   u n i t .  

3 .  Target  bearing  measurements.-   Intruder  bearing is obta ined  by 

measuring  the  phase  difference  between a pa i r   o f   d ipo le s   on   t he  5.10 GHz 

t ransce iver   an tenna .   These   d ipoles  are separated  approximately 112 wave- 

l e n g t h  (2.9 cm.) s u c h   t h a t   t h e r e  i s  an  unamhiguous - +180° phase   d i f f e rence  

r ange   i n   t he   fo rward   ha l f -ho r i zon ta l   p l ane .  

Each d i p o l e   s i g n a l  i s  a m p l i f i e d   i n  a separa te   rece iver   channel ,   and   the  

phase  difference  measurement i s  made a t  an  I F  frequency. A v o l t a g e  is der ived  

which i s  ana logous   t o   t he   t a rge t   bea r ing   and   u sed   t o   d r ive  a range-bearing 

d i s p l a y  of t h e   t y p e  shown i n   F i g .  1. 

The performance  of   the  bear ing-indicat ing  system w i l l  be   evaluated 

exper imenta l ly  upon  complet ion  of   the  laboratory  prototype  system. 

D. Technique  for   Select ion  of  the Most Hazardous  Target 

The  most  hazardous  target is s e l e c t e d  by shap ing   t he   r ece ive r   pas s  band 

such that the t a r g e t   r e t u r n  with the la rges t   va lue   o f   mod i f i ed   t au   cap tu res  
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the r e c e i v e r ,  The receiver is des igned  so that the s i g n a l  power level i n t o  

the l i m i t e r - d i s c r i m i n a t o r  varies with r ange   and   c los ing   ve loc i ty   app rox ima te ly  

as i l l u s t r a t e d   i n   F i g .  6 .  

/ / / 

Fig. 6 .  S i g n a l   l e v e l s   r e l a t i v e   t o  alarm th resho lds  (0 db) as a func t ion   of  
r ange   and   c los ing   ve loc i ty .  The c l o s i n g   v e l o c i t y   i n t e r c e p t  is he ld  
f i x e d  t o  prevent   undue  complexi ty   in   the  system, 

The s i g n a l  from the   second  rece iver   mixer  i s  o f f s e t   s l i g h t l y  and d i f f e r e n t i a t e d  

tw ice   t o   p rov ide  a s i g n a l  whose  amplitude is approximately  inversely  propor-  

t i o n a l   t o   t h e   s q u a r e  of   modif ied  tau,  The technique  may b e   f u r t h e r   i l l u s t r a t e d  

by consider ing  the  operat ions  performed  on  the  Doppler   s ignal .   Consider  a 

s ingle   s ideband  Doppler   s igna l   g iven  by (where  the  modulation terms have  been 

n e g l e c t e d   f o r   s i m p l i c i t y )  

e = -A s i n  w t 1 d ( 4 )  

where A is s igna l   ampl i tude  and w is t h e   D o p p l e r   f r e q u e n c y   s h i f t .   O f f s e t t i n g  

the   Doppler   s igna l  by a n  amount wo and d i f f e r e n t i a t i n g  twice g i v e s  a s i g n a l  

which may be   r ep resen ted  as 

d 

e2 = + A ( W ~  + w 0 l 2  sin(wd + wo> t. 
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Since   t he   ampl i tude  of t h e   s i g n a l  is i n v e r s e l y   p r o p o r t i o n a l  to range 

squa red   and   t he   Dopp le r   sh i f t  is p r o p o r t i o n a l   t o   c l o s i n g   v e l o c i t y ,   t h e  

s i g n a l  may be   r e -wr i t t en  as 

2 
e2 = K(+) s i n  (wd +w 0 t 

where K and C are cons t an t s .   Thus ,   t he   ampl i tude   o f   t he   s igna l   p rocessed  

i n   t h i s  manner  can  be  seen  to be i n v e r s e l y   p r o p o r t i o n a l   t o   r a n q e   s q u a r e d  

and   d i r ec t ly   p ropor t iona l   t o   c lo s ing   ve loc i ty   squa red .  By p r o p e r   a d j u s t -  

ment  of system parameters, t a rge t s   hav ing   va lues   o f  R and R n e a r e s t   t h e  

hazard   reg ion   def ined  by the   mod i t i ed   cau   c r i t e r ion  w i l l  h a v e   t h e   l a r g e s t  

ampl i tude   o r  power l e v e l  a f t e r  p r o c e s s i n g .   T h i s   s i t u a t i o n  i s  shown i n  

F ig .  6 ,  where  the power l e v e l   o f   t h e   r e c e i v e d   s i g n a l  i s  i n d i c a t e d  as a 

func t io l l   o f   range   and   c los ing   ve loc i ty .  The 0 db l i n e   c o r r e s p o n d s   t o  a 

v a l u e  of  modified  tau of 25 seconds  (compare  with  Fig. 4 ) .  The o t h e r  

power l eve l   l i nes   r ep resen t   app rox ima t ions   t o   va r ious   va lues   o f   mod i f i ed  

t a u  s i n c e   t h e   c l o s i n g   v e l o c i t y   i n t e r c e p t   ( d e t e r m i n e d   b y   t h e  I F  o f f s e t  

frequency) is he ld   cons t an t   i n   t he   sys t em  to   p reven t   undue   complex i ty .  

In   p rac t i ce ,   t he   doub le   d i f f e ren t i a t ion   ope ra t ion   and   s ideband  

f i l t e r ing   can   be   accompl ished  a t  t h e  I F  f requency   us ing   an   equiva len t ly  

shaped I F  f i l t e r   c h a r a c t e r i s t i c .   T h i s  pass-band  shaping  technique is  

p lanned   fo r   u se   i n   t he   p re sen t   l abo ra to ry   p ro to type   mode l  of the  system. 

E. Re jec t ion  of Unwanted S i g n a l s  

1. Types  of   undesired  s ignals . -   Because  of   the  large  populat ion  of   t rans-  

mitters a n d   r e c e i v e r s ,   t h e r e  are numerous  undesired  s ignals   in   the  f requency 

band  which  must   be  discr iminated  against .   These  undesired  s ignals  may be 

l i s t e d  as fo l lows:  

(1) S igna l s   f rom  the  ownship t r a n s m i t t e r   t o   t h e  ownship  transponder,  

(2) Signals   f rom  the  ownship  t ransponder   to   the  ownship  receiver ,  

(3) Signa l s  a t  the receiver   which are due   t o   i n t e r roga t ions   o the r   t han  

those  f rom  the  ownship  t ransmit ter .  

The t e c h n i q u e s   f o r   r e j e c t i n g  each c l a s s  of   undes i red   s igna l  is e x p l a i n e d   i n  

the following. 
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2. Rejection ~_ p f  ownshiEtr8nsmitter ." signals at the  ownship  transponder .- 
The  notch  filter  in  the  transponder  (see  block  diagram  of  Fig. 3) is  used  to 

provide  the  rejection  of  the  ownship-transmitted  signal  from  the  ownship 
transponder. The  first  mixer  in  the  transponder  uses an oscillator  signal 

which is varying  in  accordance  with  the  integrated  pseudo-noise  modulation. 
Since  the  ownship  transmitter  signal  is  varying  in  the  same  manner,  the  own- 

ship  transmitter  signal  will  appear  stationary  in  frequency  at  the  output of 

the  transponder  first  mixer.  Thus  the  signal  will  be  in  the  rejection  band 

of  the  notch  filter  and  will  suffer  on  the  order  of 60 db attenuation. 
Signals  from  other  aircraft  transmitters  interrogating  the  transponder 

will  be  sweeping  over  a  band  determined  by  the  deviation  of  the FM transmitter. 
When  mixed  with  the  ownship  transmitter  signal,  the FM deviation  will  be 
increased  to  approximately  twice  that of the  transmitter  alone.  Thus,  desired 

interrogating  signals  periodically  sweep  through  the  notch  filter,  but  due  to 
the  sweeping  effect do not  lose  significant  energy  when  passing  through  the 

notch  filter, 

At  the  final  mixer  in  the  transponder,  the  modulation  introduced  by  the 

ownship  transmitter  is  removed so that  the  signal  transmitted  from  the  trans- 
ponder  is  an  amplified  and  frequency-shirted  replica  of  the  interrogating 

signal. 

This  situation is shown  pictorially  in  Fig.  7,  where  the  initial  trans- 

mitted  spectrum  is  assumed  to  be  approximately  rectangular. It should  be 
noted  that  the  notch  filter  attenuation  is  supplemented  by  the  attenuation 

obtained  by  physical  separation of the  transponder  antenna  and  the  transmitter1 
receiver  antenna, 

3.  Kejection of ownship  transponder  signals  from  ownship  receiver.- ". - _ _ ~ -  ~ . 

The  rejection of this  type of undesired  signal  depends  upon  the  physical 
separation  of  the  transponder  and  receiver  antenna,  and  on  the  fact  that  the 

transponder  signals  are  spread  over  a  band  corresponding  to  the  deviation  of 
the E" transmitters,  These  signals  are  noncoherent  with  the  oscillator 

signal  used  at  the  first  mixer in the  receiver  (the  local  oscillator  used  in 
the  first  mixer is a  sample  of  the  transmitted  signal).  Thus,  the  energy  from 
the  ownship  transponder is filtered  out  in  the IF state of the  receiver  by  the 
narrow-band  side-band  filter. 
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Normalized  spectral  density at transponder  input (approx- 
imately rectangular). U is  the  peak  deviation. 1 

B 

Power  Density 

notch  filter  band A f n  
(centered on f IF) 

Normalized  spectral  density  at  transponder IF freq. 

T Power Density 

Spectral  density at transponder  output 

Fig. 7. Modulat ion  spectra  a t  the  transponder  showing  technique 
f o r   r e j e c t i o n  of   ownship   t ransmi t te r   s igna l ,  

4 .  Rejec t ion   of   undes i red   re turns . -   These   s igna ls  are r e j e c t e d   i n   t h e  

same manner as those  f rom  the  ownship  t ransmit ter .   That  is, s i g n a l s   r e c e i v e d  

from a ta rge t   t ransponder   which  are  due   t o   i n t e r roga t ions   f rom a t h i r d   a i r c r a f t  

are noncoherent a t  t he   ou tpu t   o f   t he   ownsh ip   r ece ive r   f i r s t   mixe r ,  The s i g n a l s  

are spread  over  a band cor responding   to   twice  the d e v i a t i o n  of t h e  FM t ransmi t -  

ters and are  f i l t e r e d   o u t  by the r e c e i v e r  narrow-band I F  system, 

18 



F. Syetm Parametere 

The system  parameters selected to date  are only tentative, since 
the development program is still in progress. Parametere for the 
laboratory prototype have  been  selected  to  provide  a  system  with 
maximum range coverage of 6.5 nautical  miles and a closing veliocity 

range of 500 knots. 
Table 1 lists the tentative parameters for the laboratory ,prototype 

systems . 
Table 1. System  Parameters 

Max. Range 6.5  n.mi. Velocity Coverage 500 KTS 

PARAMETER 

Transmitter 

Transmitted Power 

Transmitted Frequency 

FM Waveform Slope (B) 
Peak  Deviation of FM Transmitter 

PN Code Length 

PN Code Bit Period 
Transmitter Ant. Peak Gain 

NOMINAL  VALUE 

30 dbm 

5200 MHz 
16.6 MHz/sec 

(one s i d e d )  1.08 MHz 

127  bits 

10  m  sec 

0 db* 

Transponder 

Transponder Gain Constant 
Transponder Noise Bandwidth 

Transponder Noise Figure 
Notch Filter 6 db Bandwidth 

Notch Filter 70 db Bandwidth 

Transponder Output Saturation Level 
Transponder Receiver Ant. Peak Gain 

Transponder-Transmitter Ant. Peak Gain 
Transmitter-Transponder Isolation 

112 db 
4 MHz 

10 db 
10 KHz 

1 KHz 
30 dbm 
0 db* 
0 db* 

-150 db* 

ic Assumed value, actual  value to be experimentally determined. 
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System  P'arameters,  Continued 

PARAMETER NOMINAL VALUE 

Receiver 

Received  Frequency 

Receiver Noise  Figure 

Receiver 1st IF  Noise  Bandwidth 

SSB Fi l ter   Equivalent   Noise   Bandwidth 

Receiver Ant.  Peak  Gain 

Receiver Gain t o  L i m i t e r  ( a t  500 K t s  c l o s i n g   v e l o c i t y )  

A l a r m  Threshold  (Modified  Tau) 

A l a r m  Threshold  (Range) 

A l a r m  Threshold   (Al t i tude)  

Ve loc i ty   Of f se t   (D i sc r imina to r )  

Acce lera t ion   Cons tan t  U i n  Modified Tau 
C r i t e r i o n  

S e e  Sec t ion  LV-C. * 

5100 m z  

10 db 

1 MHz 
6.9 KHz* 

0 db** 

86 db 

15-35 secs 
( a d j u s t a b l e )  

1 n.mi. 

- +loo0 f t .  

118 K t s  

.5 g u n i t s  

**Assumed va lue ,   ac tua l   va lue   t o   be   expe r imen ta l ly   de t e rmined .  

It should  be  noted that h ighe r   pe r fo rmance   a i r c ra f t  will r e q u i r e   g r e a t e r  

range   and   c los ing   ve loc i ty   coverage .  The range  coverage is increased  by 

i n c r e a s i n g   t h e   t r a n s m i t t e d  power and   t he   c los ing   ve loc i ty   cove rage  is in- 

c reased  by   changing   the   rece iver   ?oppler   bandwidth   charac te r i s t ics .  
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I V .  APPLICATION  OF  PSEUDO-NOLSE CODING TECHNIQUES 

A. C h a r a c t e r i s t i c s   o f  PN Sequences 

1. D e f i n i t i o n  of a PN sequence.-  The class of   b inary   sequences   tha t   have  

ce r t a in   r andomness   p rope r t i e s  are termed PN (pseudo-noise)  sequences.  For 

ranging  purposes ,   the   most   inportant   property the s e q u e n c e   s a t i s f i e s  is t h e  
I I  cor re l a t ion   p rope r ty . "   Th i s   p rope r ty  states t h a t   i f  a per iod  of   the  sequence 

is compared,  term-by-term, wi th  any c y c l i c   s h i f t  of i t s e l f ,   t h e  number of 

ag reemen t s   d i f f e r s   f rom  the  number of disagreements  by a t  most u n i t y  [ 7 ] .  

Thus ,   the   . au tocorre la t ion   func t ion  of a PN sequence  of   per iod p 

appears  as shown i n   F i g .  8 .  From t h e   a u t o c o r r e l a t i c n ,   t h e  power spectrum 

is obta ined  as 

n#o 
where t i s  the   per iod   of   one   d ig i t .  A p l o t  of the  spectrum i s  shown i n  

Fig.  9 .  
0 

There are,  of course ,  a l a r g e  number of  sequences  of a g iven   per iod  

which   have   au tocorre la t ion   p roper t ies   tha t  are n o t   q u i t e  as i d e a l  as t h a t  

of  Fig. 8 .  The i n v e s t i g a t i o n  of these  sequences is usual ly   accomplished 

on a t r i a l - a n d - e r r o r   b a s i s   s i n c e  no genera l   theory  is a v a i l a b l e  t o  gene ra t e  

a code  with a spec i f i ed   non- idea l   au tocor re l a t ion .  

In   the   fo l lowing ,   the   emphas is  w i l l  be on PN codes  with  autocorrela-  

t i o n  as g iven   i n   F ig .  8 .  

2. Geaeration  of PN sequences.- A l l  maximum l e n g t h   l i n e a r  sh i f t  r e g i s t e r  

sequences have PN p r o p e r t i e s ,  and are p e r i o d i c  with per iod  2n- 1 (where n is 

t h e  number of s t a g e s  i n  t h e   s h i f t   r e g i s t e r ) .  Non-maximal l i n e a r   s h i f t  

r e g i s t e r   s e q u e n c e s  may also  have PN p r o p e r t i e s ;  however, i t  can  be shown that 

such a nonlnaximal PN code  can also be  generated  from a s h i f t   r e g i s t e r   w i t h  

fewer  stages,   Thus,  there appea r s   t o   be  no  advantage i n  the use  of 

maximal sequence. 

A s e v e n - s t a g e   s h i f t   r e g i s t e r  w i t h  f eedback   connec t ions   fo r   t he  

of a PN code  of   length 127 b i t s  is shown i n  Fig.  10. The r e c u r s i v e  

a non- 

gene ra t ion  

r e l a t i o n s  
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31 B i t  Code 

FREQUENCY x pto/2 (radlsec) 

Power spectrum of PN waveform. 
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DIRECTION OF SHIFT - 
1 2 3 4 5 6 7  

OUTPUT 

SEQUENCE GENERATED: 00000 01001 00110 10011 11011 
10000 11111 11000 11101 10001 
01001  01111  10101 01000 01011 
01111 00111  00101 01100 11000 
00110 11010 l lL0 l   00011  00100 
01 

F ig .   10 .   Seven   s t age   sh i f t   r eg i s t e r   w i th  (7,3) feedback  taps .  

f o r   t h i s   p a r t i c u l a r   c o d e  (i.e. the   feedback   connec t ions)  are des igna ted  as 

(7,3) f o r   c o n v e n i e n c e   i n   n o t a t i o n .  

The  number  of  maximal s equences   poss ib l e   fo r  a given n s t a g e  

r e g i s t e r  up t o  n = 255 is shown i n   T a b l e  2. Note that  one-half   of 

the  sequences  generated  with a g i v e n   s h i f t   r e g i s t e r  are reversed  ver-  

s i o n s  of the   o ther   sequences .  

I t  i s  a l so   poss ib le   to   genera te   so-ca l led   non- l inear   sequences .  

These  non-linear  sequences  can  be  generated by n o n - l i n e a r   l o g i c   i n  

t he   f eedback   c i r cu i t s   ( such  as adding   the   ou tputs  of a g i v e n   s t a g e   t o  

an  "and"  combination  of two o t h e r   s t a g e   o u t p u t s ) .  One advantage of 

a n o n - l i n e a r   s h i f t   r e g i s t e r   s e q u e n c e  is t h a t  many more maximum sequences 

are p o s s i b l e   f o r  a g i v e n   s h i f t   r e g i s t e r .  For  example,  there are 

2 maximum sequences of l eng th  2 possible   f rom  an n s t a g e  non- n 

l i n e a r   g e n e r a t o r .  The d i f f i cu l ty   w i th   non- l inea r   s equences  is t h a t  no 

theory is a v a i l a b l e   t o   d e t e r m i n e   t h e   c o r r e l a t i o n   c h a r a c t e r i s t i c s  of 

the  generated  codes.  

(2n-1-n> 

3. In tegra t ion  of th.e sequences and effect ive  modulat ion  bandwidth,-  If 
-~ ~~ 

i t  is assumed that t h e  DC l i n e  is removed (see equat ion  (7)), then   the   spec t rum 

of an   in tegra ted   vers ion   of  the PN code is given by 

23 



127 18 

255 16 

24 



w h e r e   t h e   s p e c t r u m   h a s   b e e n   n o r m a l i z e d   s u c h   t h a t   t h e   f i r s t   l i n e   i n   t h e  

spectrum  has   the stiiae v a l u e   f o r   t h e   i n t e g r a t e d   f u n c t i o n  as f o r   t h e  

o r i g i n a l   f u n c t i o n .  The in t eg ra t ed   spec t rum is p l o t t e d   i n   F i g .  11. Note 

t h a t   t h e   l i n e s   i n   t h e   i n t e g r a t e d   s p e c t r u m  are reduced i n   a c c o r d a n c e   w i t h  

the   sequence  

. 
(IT 2 /6) ; t hus ,  61%  of t This  sequence sums to   approximate ly   1 .64   or  :he  power 

is i n   t h e   f i r s t   l i n e ,  76% i n   t h e   f i r s t  two l i n e s ,  83% i n   t h e   f i r s t   t h r e e  

l i n e s ,   a n d  87% i n   t h e   f i r s t   f o u r   l i n e s .  I t  is ,  however,   the  higher 

f r e q u e n c y   l i n e s   t h a t  are of impor tance   for   reproduct ion   of   the   l inear -  

s lope  segments   of   the   funct ion.  The effect ive  bandwidth  occupancy  of   the 

in t eg ra t ed   code  may b e  assumed t o   b e  twice the  f requency a t  which  the 

s i n  X/X term f i r s t  g o e s   t o   z e r o ,   o r  l/to i n  Hz, where to is t h e   d i g i t  

w id th   i n   s econds .  

31 B i t  Code 

25 



A sketch  of  a  127-bit  integrated  waveform is shown in Fig. 1 2 .  Note 

that  the  waveform has a value  of  one b i t  unit at the end  of one period. In 
the  system,  the  code  generator is AC coupled  to  the FM modulator  to  maintain 

a  constant  center  frequency  over  several  code  periods.  Thus, in practice, 
the  final  value  of  the  code is approximately  the same as the initial  value 

(i.e., the DC component is removed). 

-2 
m 

4 
4 

-5 

-6 

-7  

-8 

-9 t 
Fig. 12. Integrated PN sequence, 127 bit  code,  feedbdck  taps ( 7 , 3 ) .  

B. Application to Range  and  Closing  Velocity  Measurements 

1. General  Discussion,-  In  Appendix A, several  types of integrated 

pseudo-noise  codes  are  investigated to determine  the  parameters of importance 

in  system  design,  These  parameters  include  the  bandwidth  occupancy of the 
code,  the  energy  distribution  over  the  bandwidth,  and  the  actual  code  genera- 

ted  by  given  shift  register  feedback  connections. 

Since  the  pseudo-noise  sequence is used  to  provide  a  recognition  code 

as well as  for  making  the  range  and  closing  velocity  measurements, 

it  is  desirable,  from  this  standpoint,  to  use  a  long  sequence.  However, 

there  is  a  trade-off  involved  between the length  of  the  sequence  and 
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the  accuracy  obtainable i n  the  closing  velocity  measurements (i.e., the 
closing  velocity is  measured  by  averaging  the  waveform,  hence it is 

desirable  to  average  over  more  than  one  full  period  of  the  sequence). 

In  addition,  of  course,  the  longer  codes  require  longer  shift  registers, 

hence  more  complexity  than  shorter  codes. 

A PN sequence  is  defined  by  its  correlation  function.  That  is, 

only  sequences  which  have  a  correlation  function as shown  in  Fig. 8 

are  designated  as PN sequences.  From  the  aurocorrelation  function, we 

see  that  a PN sequence  has  the  capability  of  making  an  unaabiguous 
range  measurement  of  a  two-way  range  such  that  the  round  trip  propaga- 

tion  time i s  less  than  the  time  corresponding  to  one  bit  period.  Thus, 

the  minimum  basic  bit  period  usable  is  determined  by  the  maximum  range 

designed  into  the  system.  Other  factors,  such  as  shift  register  size 

and  the  trade-off  of  velocity  measurement  accuracy  with  code  length, 

more  strongly  determine  the  actual  basic  bit  period  used. 

A s  previously  discussed,  the  result of the  signal  processing  (neg- 
lecting  the  effect of the notch  filter  and  the  altitude  coding  technique) 

provides  an  output  at  the  limiter-discriminator  as  shown  in  Fig.  13a. 

The  average  value of this  waveform is  proportional  to  the  closing  velocity, 

whereas  the  rms  value  is  proportional  to  range.  To  detect  the  rms  value, 

the DC component  is  blocked  and  the  discriminator  output  is  synchronously 

detected  to  provide  a  waveform  as  shown  in  Fig.  13b.  The  waveforms  of 

Figs.  13a  and  13b  are  then  low-pass  filtered to provide DC outputs  pro- 

portional  to  range  and  closing  velocity. 

In  order to evaluate  the  trade-off  of  measurement  accuracy  versus 

measurement  time,  it  is  necessary  to  investigate  the  characteristics  of 

the  output  waveform  at  the  discriminator.  The  following  sections  derive 
the  power  spectrum  of  the  discriminator  output  voltage  and  use  the 

spectrum  characteristics  to  estimate  the  filtering  time  constants 
necessary  to  reduce  the AC ripple  on  the  velocity  and  range  measurements 

to  acceptable  values. 
2. Velocity  measurement  accuracy  versus  integration  time.-  In  order 

" "" . " _ ~  ~. . " . . 

to  determine  the  integration  or  smoothing  time  necessary  to  achieve  a 
given  accuracy  in  the  velocity  measurement,  it  is  necessary  to  determine 

27 



d 1 
I 1 I I 1 1 

3to to 5to 6t0 

Time 

Fig.  13a. Frequency of waveform into  discriminator (.t = b i t  period; 
f d  = two-way Doppler s h i f t ;  T = two-way propagation delay) .  0 

Fig.  13b. Output of  discriminator  after synchronous detection (range 
voltage) .  K is a conversion  constant. 
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the  spectral  characteristics  of  the  base-band  signal  from  the  discrimina- 

tor.  For  simplicity,  we  will use frequency  units (e.g., amplitude  in Hz 
and  power  in Hz ). 2 

The  power  spectrum  of  the  base-band  signal  from  the  discriminator, 

prior  to  filtering, is derived  by  noting  that  the  signal  is  proportional 
to  the  difference  between  the  frequency  of  the  outgoing  and  incoming 

signal,  or 

where T is  the  two-way  delay.  The  autocorrelation (Ro(x)) of  fo(t) i s  

then 

R (X) = 2R(x) - R(x + T )  - R(x - T) 
0 

and  taking  the  Fourier  transform  gives 

(10 

or 

where 4,(w) is the  spectrum  given  in  equation ( 8  ). Note  that  the  DC 
component  introduced  by  the  Doppler  shift i s  not  included  in  the  above 
spectrum  because we assumed  a  constant  delay T in the  derivation  of 

equation (12). 
Substitution  of  equation ( 8 )  into  equation (12) gives 

This  spectrum is similar  in 
m 

form  to  equation' ( 7) except  for  the  added 
sinc  rnT/pt  term.  This  term  is  approximately  unity  over  the  lines of L 

0 
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interest f o r  small r a t i o s  o f   de l ay /b i t   pe r iod .   S ince   t he   t o t a l   power  

i n   t h e  waveform of F igu re   12  is approximately 8 2 ~ 2  (where 8 is  s lope   o f  

the   in tegra ted   waveform) ,   the   spec t rum of equa t ion  (13) can b e  re- 

normal ized   such   tha t  

by r e w r i t i n g   e q u a t i o n  (13 ) as 

If w e  assume tha t   t he   vo l t age   f rom  the   d i sc r imina to r   (F ig .  1 2 )  i s  

passed  through a u n i t y   g a i n  low-pass f i l t e r   w i t h   t r a n s f e r   f u n c t i o n  

H ( j w )  = 
j w + y s  

t h e n   t h e   s p e c t r u m   o f   t h e   f i l t e r   o u t p u t  i s  

a n d   t h e   t o t a l  AC output  power is  

This i n t e g r a l  i s  d i f f i c u l t   t o   e v a l u a t e   e x a c t l y ;  however, i t  is  

p o s s i b l e   t o  show t h a t   t h e   o u t p u t  AC power w i l l  s a t i s f y   t h e   i n e q u a l i t i e s  

2n  
(1) For y >> - ; - < 

PtO P i n  P - 1 

P t O  'in P - 1  

P 2 

(2) For y << - ; - < 271 0 
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I n   t h e   a b o v e ,  to is t h e   b a s i c   p u l s e   p e r i o d ,  y is the   b reak   f requency  

o f   t h e . l o w - p a s s   f i l t e r   i n   r a d / s e c . ,   a n d  p is t h e  number o f   b i t s   i n   t h e  

code.  Thus, f o r  y << 2a /p to ,   t he  AC rms o u t p u t   r i p p l e  is approximately 

s i n c e   t h e   i n p u t  power i s  M B T Hz2. 

The magni tude   o f   the   r ipp le  is  g iven   i n   Tab le  3 f o r   v a r i o u s   c o n d i t i o n s  

i n  Hz and in   knots   us ing   the   Doppler   convers ion   fac tor   o f  1 K t  = 1 7 . 7  Hz. 

Table 3. Approximate RMS r i p p l e  on  Closing  Velocity  Measure- 
ment fo r   127-b i t  PN codes  with M s l o p e  ( B )  of  16.6 
MHz/sec and a b i t   p e r i o d   ( t o )  of 10 m s  for v a r i o u s  
va lues  of low-pass f i l t e r   b r e a k   f r e q u e n c y .  

~~ ~~ 

RANGE Low-Pass F i l t e r  Break  Frequency  (rad/sec) 

(n.  mi.) 4 2 1 .5 

1 3.7 Hz 

(16.6 Kts) ( 8 . 3  Kts) (4.2  Kts) ( 2 . 1  Kts) 
294.8 Hz 147.4  Hz 73.8 Hz 36.9  Hz 

(3.3 K t s )  (1.7  Kts)  (.8  Kts) (.4  Kts) 
59.2 Hz 29.6 Hz 14.8 Hz 7.4 Hz 

(1.6  Kts) (.8 Kts) ( . 4  Kts) ( .2  Kts) 
29.6 Hz 14.8 Hz 7.4 Hz 

2 

10 

3. Range  measurement  accuracy  versus  integration time.- Inspec t ion  of _ _ ~ .  . . 

t h e  waveform  used t o   d e r i v e  the range   vo l t age   (F ig .   13a )   i nd ica t e s   t ha t  

the worst   case,   the   lowest   f requency component p re sen t   i n   t he   synchronous ly  

d e t e c t e d  waveform w i l l  be a t  a frequency  of l / t  . For th i s  r eason ,   t he  

AC r i p p l e  component  on the   r ange   vo l t age  i s  n o t   f e l t  t o  be a problem as 

s e r i o u s  as that i n   f i l t e r i n g  the veloc i ty   in format ion .  

0 

I f  i t  i s  assumed that the domvard   sp ikes  as shown in  Fig.   13a  occur  

w i t h  a pe r iod  t t h e  power i n  the AC component is found t o   b e  
0’  
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2 3  
’ac 5 to [l+$k] Hz 2 . (20 1 

Furthermore,  i f  i t  is  assumed t h a t   t h i s   t o t a l  power is i n   t he   fundamen ta l  

AC component, t h e n   t h e  AC r i p p l e  as a func t ion   of  a low-pass f i l t e r   b r e a k  

frequency y is  given  approximately by 

Hz 

f o r  y << 2n/to.  

The magnitude of t h e  rms r i p p l e   i n  Hz is less than .3W of a 

10  n.mi. range  measurement  value  for a low-pass f i l t e r   b r e a k   f r e q u e n c y  

of 1 radlsec  and  code  parameters  as g i v e n   i n   T a b l e  3. Since the  10 n.mi. 

case g ives   t he  largest v a l u e   o f   r i p p l e ,   t h e   r i p p l e  on the  range  measure- 

ment a t  c loser   ranges   can   be   cons idered   negl ig ib le .  

I t  shou ld   be   no ted   t ha t   t he  DC l e v e l  of   the  synchronously  detected 

s i g n a l  is approximately 

hence   t he   va r i a t ion  of t h e  DC l eve l   w i th   r ange  i s  n o t   l i n e a r .   F o r  small 

va lues  of T / t  t h e   d e v i a t i o n   f r o m   l i n e a r i t y  w i l l  be  small. 
0’ 

C. App l i ca t ion   t o   Recogn i t ion  Coding 

The PN codes   p rov ide   fo r   mu l t ip l e   access  by a spectrum  spreading 

technique.  The slow FM modulation of the c a r r i e r  by the i n t e g r a t e d  PN 

code  spreads the t ransmi t ted   energy  over a bandwidth  corresponding to 

t h e  peak-to-peak frequency  deviat ion  of  the waveform. A t  t he   t r ans -  

ponder, the s i g n a l  is l i n e a r l y   a m p l i f i e d ,   s h i f t e d   i n   f r e q u e n c y ,  and 

r e t r a n s m i t t e d   i n  the same form. There is no problem  with  mult iple   access  

a t  the t r ansponder   s ince  the transponder  is linear up t o  a power output  

co r re spond ing   t o  the sa tura t ion   leve l   (approximate ly   one  watt o r  30 dbm). 
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A t  t h e  receiver, a sample of the t r a n s m i t t e d   s i g n a l  is u s e d   i n   t h e   f i r s t  

mixer t o   t r a n s l a t e   t h e   i n p u t   s i g n a l   t o   a n c i n t e r m e d i a t e   f r e q u e n c y .   T h e  I F  

bandwidth  need  only  be  wide  enough t o  pass   t he   s ing le   s ideband   Dopp le r  

s igna l ,   o r   app rox ima te ly  13 KHz, f o r  a receiver w i t h  a c l o s i n g   v e l o c i t y  

coverage  of 500 knots .   S igna ls   which  were aot   t ransmi t ted   f rom  the   ownship  

t r a n s m i t t e r  are noncoherent   wi th   the   ownship   t ransmi t te r   s igna l   and   hence  are 

spread  over  a bandwidth  approximately twice the peak-to-peak  deviation  of  the 

t r a n s m i t t e d   s i g n a l .   T h i s   s i t u a t i o n  is shown p i c t o r i a l l y   i n   F i g .  14. 
Passage   o f   t he   s igna l   and   i n t e r f e r ing   s igna l s   t h rough  the. r e l a t i v e l y  

narrow  band s i n g l e   s i d e b a n d   f i l t e r  (assumed rectangular)   removes a l a r g e   p a r t  

o f   t he   i n t e r f e r ing   ene rgy   wh i l e   pas s ing   t he   ownsh ip   r e tu rn   w i th   no   a t t enua -  

t i o n ,  The s i g n a l - t o - i n t e r f e r e n c e   r a t i o   o u t   o f   t h e   s i n g l e   s i d e b a n d   f i l t e r  i s  

r e l a t e d   t o   t h e   i n p u t   s i g n a l - t o - i n t e r f e r e n c e   r a t i o  as g i v e n   i n   e q u a t i o n  ( 2 3 ) :  

i n  

where W i s  the  one-sided  peak  deviat ion of t h e  FM t r a n s m i t t e d   s i g n a l   a n d  BD is 

the  bandwidth  of   the SSB f i l t e r .  
1 

For   representa t ive   sys tem  parameters  (Wl% 1.08 MHz, BD = 13 KHz), t h e  

enhancemen t   o f   des i r ed   s igna l s   ove r   i n t e r f e r ing   s igna l s  is 166 or   approximately 

2 2 . 2  db, T h i s  degree  of   s ignal   enhancement   implies   that  i t  would t a k e  166 

i n t e r f e r i n g   s i g n a l s   t o   e q u a l   t h e  power l e v e l   o f  a d e s i r e d   s i g n a l  a t  t he   ou tpu t  

of t he   s ing le   s ideband   f i l t e r   ( fo r   equa l   r ange   and   t r ansmi t t ed  power l e v e l s ) .  

As mentioned i n   S e c t i o n  111, t h e   s i g n a l s   i n   t h e   I F  are e f f e c t i v e l y  

d i f f e r e n t i a t e d  twice in   o rder   to   enhance   the   mos t   hazardous   s igna l .   This  

doub le   d i f f e ren t i a t ion   ope ra t ion   causes   t he   s igna l - to - in t e r f e rence  power r a t i o  

a t  t h e   o u t p u t   o f   t h e   d o u b l e   d i f f e r e n t i a t o r   t o   b e  a func t ion   of   the   Doppler  

f r equency   sh i f t .   Fo r  a d o u b l e   d i f f e r e n t i a t o r   i n   c a s c a d e   w i t h   a n   i d e a l   r e c t a n -  

g u l a r  SSB f i l t e r   w i t h   b a n d w i d t h  BD, t h e   s i g n a l - t o - i n t e r f e r e n c e   r a t i o  a t  t h e  

output  of t h e   D o p p l e r   f i l t e r  - doub le   d i f f e ren t i a to r   combina t ion  is der ived  as 

BD i n  
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I Power Density 

(a)  Normalized power d e n s i t y  a t  r e c e i v e r   i n p u t  

Power Densi ty  

A Doppler   sh i f ted   re turn   f rom 
I n t e r f e r i n g  
Non-coherent -1 

ownship  t ransmit ter  

(b) Normalized  power dens i ty   ou t   o f  1st rece iver   mixer  

Power Densi ty  

Doppler   sh i f ted   re turn   f rom 
BD = SSB F i l t e r  ownship  t ransmit ter  

Bandwidth A /  
Por t ion  of i n t e r f e r i n g  

f l  s i g n a l  power passed by 
SSB f i l t e r  

requency 

(c)  Normalized power d e n s i t y   o u t  of SSB F i l t e r  

Fig. 14. Sketches  of power d e n s i t y  a t  v a r i o u s   p o i n t s   i n   t h e   r e c e i v e r  
indicat ing  the  separat ion  of   ownship  re turns   f rom  inter-  
f e r   i n g   s i g n a l s  . 
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where  fd is  t he   Dopp le r   f r equency   sh i f t  of t h e   s i g n a l  and f o  is the   f requency  

o f f s e t   t o   p r o v i d e  the m o d i f i e d   t a u   c h a r a c t e r i s t i c .   I n   d e r i v i n g   t h i s   e q u a t i o n ,  

t h e   i n t e r f e r i n g  power d e n s i t y  is taken  as - watts/Hz. I 
2w1 Note that f o r   a n   i n p u t   s i g n a l  a t  a given  f requency,  the s igna l - to- in te r -  

f e r e n c e   r a t i o   d e c r e a s e s  by 50 dbldecade as the  bandwidth BD inc reases .   Th i s  

i n d i c a t e s   t h e   d e s i r a b i l i t y  of l imi t ing   t he   c los ing   ve loc i ty   cove rage   ( and   hence  

the  necessary  Doppler   bandwidth)   to  the minimum c o n s i s t e n t   w i t h   t h a t   e x p e c t e d  

to   be  encountered.  

In   shaping  the f r e q u e n c y   c h a r a c t e r i s t i c s  of t he   r ece ive r   pas sband   t o   ach ieve  

t h e   e f f e c t  of a SSB f i l t e r   i n   c a s c a d e   w i t h - a   d o u b l e   d i f f e r e n t i a t o r ,  i t  is 

des i r ab le   f rom  cons ide ra t ions   o f   s igna l - to -no i se   p lus   i n t e r f e rence   r a t io s   t o  

u s e  a passband  shaped as  shown i n   F i g u r e   1 5 a .   T h i s   c h a r a c t e r i s t i c   a l s o   a p p r o x -  

imates more c l o s e l y   t h e   f r e q u e n c y   v s .   a t t e n u a t i o n   C h a r a c t e r i s t i c s   t h a t   c a n   b e  

a t t a i n e d   i n   p r a c t i c e .  

F igure   15b   ind ica tes  the hazard  region  coverage  in   the  range - c l o s i n g  

ve loc i ty   p lane   tha t   cor responds   to   the   passband  shape  of Figure 15a. Note  that  

the  coverage  approximates  a m o d i f i e d   t a u   c h a r a c t e r i s t i c   f o r   c l o s i n g   v e l o c i t i e s  

less than 380 knotsand  approaches a s t a n d a r d   t a u   c h a r a c t e r i s t i c   f o r   c l o s i n g  

v e l o c i t i e s   g r e a t e r   t h a n  380 k n o t s .   T h i s   c h a r a c t e r i s t i c  has been shown t o   b e  

d e s i r a b l e  (see R e f .  [ 4 ] )  t o  l i m i t  t h e  number of alarms received  under  normal 

o p e r a t i n g   c o n d i t i o n s   w h i l e   n o t   a d v e r s e l y   a f f e c t i n g   t h e   a c t u a l  time a v a i l a b l e  

for   avoidance  of a haza rdous   s i t ua t ion .  

For a receiver   passband  with a shape as in   F igu re   15a ,   t he   ou tpu t   s igna l -  

t o - in t e r f e rence  power r a t i o  is ca lcu la ted   f rom  the   express ions ,  

and 

lowl 
($)ou,= (5B2 - 4B1) (?)in ’ 

O < f d + f o < B  1’ 

where B1 and B2 are the   b reak   f r equenc ie s   de f ined  i n  Fig.  15a and the remain- 

ing  nomenclature is as g i v e n   f o r   e q u a t b n s  (23) and (24 ) .  
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For  the  evaluation  of  system  performance  in  Section IV, equations (25) 

and (26) are  used  in  the  calculation  of  signal-to-interference  ratios. 

The  above  considerations  have  assumed  that  the  desired  return  and  the 

interfering  returns  are  noncoherent  or  nonsynchronous.  There  exists  a  pos- 

sibility that the PN codes  in  two  different  transmitters  or  in  a  transmitter 
and  cooperating  transponder  are  in  synchronism.  The  chances of PN code  syn- 
chronism  and  the  effects  caused by this  phenomenon are considered  in  Section V. 
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Fig. 15a. Idealized receiver IF passband characteristics (SSB) for system 
with 500 Kt. closing velocity coverage. The IF is offset by a 
frequency corresponding to a closing velocity of approximately 
120 Kts. (23 2100 Hz. ) . 
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Range, n.mi. 

Fig.   15b.   Constant   s ignal  power c o n t o u r s   i n  the range -c los ing   ve loc iky   p l ane  
f o r  the receiver   passband characteristic g i v e n   i n  F i g .  15a. The db 
v a l u e s  are re la t ive  t o  the power l eve l   co r re spond ing   t o  a v a l u e  of 
modi f ied   t au  of 25 secs., and   ind ica te   approximat ions   to  the 15 and 
35 s e e .   m o d i f i e d   t a u   c h a r a c t e r i s t i c s .  
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V. EVALUATION OF  SYSTEM  PERFORMANCE 

A. Evaluation  Techniques 

A computer   s imulat ion  approach  has   been  used  to   determine  the 

seve r i ty   o f   t he   s a tu ra t ion   and   i n t e r f e rence   p rob lems   fo r   t he   sys t em 

u n d e r   m u l t i p l e   a i r c r a f t   c o n d i t i o n s .  

A d e t a i l e d   a n a l y t i c a l  model  of  the  system  has  been  developed  (see 

Appendices B, C, and D ) .  The s imula t ion  model i s  shown i n  flow diagram 

form i n  Fig.  16.  The  model  accepts as inputs   coordinates   and  coor-  

d i n a t e  rates of N a i r c r a f t ,   t h e  set of   sys tem  parameters ,   and   the  

expe r imen ta l ly   de r ived   an tenna   pa t t e rns   o f   t he   t r ansmi t t e r ,   t r ans -  

ponder,  and receiver. 

The s imula t ion   ou tpu t s   i nc lude  s ta t is t ics  on  system  parameters 

of i n t e r e s t ,   i n c l u d i n g   t h e   s i g n a l ,   i n t e r f e r e n c e ,   a n d   n o i s e  power 

l e v e l s  a t  va r ious   po in t s   i n   t he   t r ansponder   and  receiver. The statis- 

t i cs  developed are given as "average   percentage   o f   f ly ing  time t h a t  a 

c e r t a i n  power level exceeded a s p e c i f i e d  level." This  s ta t i s t ic  pro- 

v ides   an   unbiased  estimate o f   t h e   p r o b a b i l i t y   t h a t  a randomly s e l e c t e d  

system will have a power level exceed ing   t he   spec i f i ed  level a t  any 

p a r t i c u l a r   i n s t a n t  of time. 

The i n p u t   p o s i t i o n   d a t a   t o   t h e   s i m u l a t i o n   c o n s i s t e d   o f   ( 1 )  two 

a i r c r a f t ,   s t r a i g h t   l i n e   e n c o u n t e r   s i t u a t i o n s ,   ( 2 )   a c t u a l   r a d a r   t r a f f i c  

da ta   ob ta ined   f rom  the   At lan ta   t e rmina l   dur ing   1967,   and   (3)   ex tended  

d e n s i t y   t r a f f i c   d e v e l o p e d  by a Monte Car lo   t echn ique   desc r ibed   i n  

Sec t ion  V.D. 

The A t l a n t a   r a d a r   t r a f f i c   d a t a   c o n s i s t e d   o f   t h e   t h r e e - d i m e n s i o n a l  

pos i t i on   coord ina te s   o f   each   a i r c ra f t   unde r   r ada r  track i n   t h e   t e r m i n a l  

area taken  a t  four-second  intervals .  Twelve one-hour  samples  of  data 

were taken   over  a five-day  period. The d a t a   b a s e  is d e s c r i b e d   i n  

d e t a i l   i n   R e f .  [ 2  3 .  For   eva lua t ion  of t h e   s a t u r a t i o n   a n d   i n t e r f e r e n c e  

problem  with  the  Atlanta   data   base,   the   most   dense  hour   of   the   twelve 

hours   of   data  was selected.   This   hour   (hour  ll), i n c l u d e d   6 8   a i r c r a f t  

of  which 50 were arrivals and 18 were depar tures .  The average number 

of a i r c r a f t   p e r   r a d a r   s c a n   ( 4 - s e c o n d   i n t e r v a l )  was approximately  12.7- 
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Fig. 16 .  Flow diagram of system simulations. 

I 
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The maximum number  of a i r c r a f t   r e c o r d e d   i n  any  one  radar  scan was 18. 

Fig.  1 7  shows a p l o t  of t he   t r acks   o f  the a i r c r a f t   i n   t h e  Hour 11 d a t a  base. 

The coverage  volume of the da ta   base   gene ra l ly   i nc luded  those a i r c r a f t  

under 6500 f t .   i n   a l t i t u d e  and  within a rad ius   o f  35 n.mi.  of the A t l a n t a  

terminal . 
The ex tens ions  of t h e   A t l a n t a   d a t a   t o  more d e n s e   s i t u a t i o n s  (up t o  40 

a i r c r a f t   s i m u l t a n e o u s l y   w i t h i n  a 35-mile r a d i u s ) ,   o r   r o u g h l y   t h r e e  times t h e  

A t l a n t a   t r a f f i c   d e n s i t y ,  are descr ibed  i n  Sec t ion  V.D. 

B,  Simulated Two Airc ra f t   Encoun te r s  

To i n v e s t i g a t e   t h e  alarm performance  of   the  system  under   var ious 

cond i t ions ,  a series of two a i r c ra f t   encoun te r s   has   been   s imula t ed .  

F o r   e a c h   f l i g h t   p a t h   c o n d i t i o n ,   t h e  power l e v e l  vs. time of t h e  power 

a t  the   ou tput  of t he   doub le   d i f f e ren t i a to r   has   been   p lo t t ed .   A l so ,   t he  

alarm s t a t u s  of the  system i s  i n d i c a t e d  (vs. t i m e )  on t h e   p l o t s .  

The alarm s t a tus   code   u sed  i s  as fol lows:  

Alarm 
S t a t u s  

Code 

Signal-to-Noise 
Rat io   Threshold 
Exceeded (13 db) 

Yes o r  No 

Yes 

Yes 

Yes 

No 

No 

No 

Modified  Tau 
Threshold Ex- 
ceeded( 25 sec) 

No 

Yes 

N 0 

Yes 

Yes 

No 

Yes 

Power Level  
Threshold 
Exceeded 

No 

Yes 

Yes 

No 

Yes 

Yes 

No 

The  main  purpose  of t h i s  series of  encounters was to   de t e rmine   t he  

d i f fe rences   be tween alarm thresholds   based  on a power level  th re sho ld  

versus   those   based  on a modified t a u  ca lcu la t ion   f rom  the   geometry   o f  

t h e   s i t u a t i o n .  The a n t e n n a   p a t t e r n   e f f e c t  is t hus  made e v i d e n t   i n   t h e  

cases considered.  

S ince  a s igna l - to-noise   p lus   in te r fe rence   ra t io   o f   approximate ly  
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X Direction in n.mi. 

Fig ,  17. Plot of the radar tracks taken from Hour 11 of the Atlanta data base. 
The Atlanta terminal is  at the center of the coordinates. 



13 db is requ i r ed  a t  the   i npu t   o f   t he  FM d e t e c t o r   f o r   r e l i a b l e  demodula- 

t i o n ,   t h e   t h r e s h o l d  was set  a t  t h i s   v a l u e .  The geometr ica l   modi f ied   t au  

th re sho ld   and   t he  power level th re sho ld  were set  a t  values corresponding 

t o  a mod i f i ed   t au   o f .25   s econds .  The increment of time used i n   t h e  

c a l c u l a t i o n s  is .1 minute. The values   o f   range   and   modi f ied   t au  

i n d i c a t e d  on t h e   p l o t s  are the   va lues   no ted   immedia te ly  a f t e r  t h e  alarm 
occurred.  

F igures  18 through 24 show t h e   f l i g h t   p a t h s ,  power levels, and  alarm 

fo r   t he   va r ious   cond i t ions   cons ide red .  

Under cond i t ions  1, 2, and 3 (head-on  approaches),   the alarm s t a t u s  

encoun te red   i nd ica t ed   t ha t  a l l  th re sho lds  were exceeded   ( s ta tus  111). 
Fo r   cond i t ions   du r ing   wh ich   t he   i n t rud ing   a i r c ra f t  was approaching a t  

a n   a n g l e ,   t h e  alarm s t a t u s   c a l c u l a t i o n s   i n d i c a t e   t h a t   i n   o n e  case 

(cond i t ion  # 4 )  an alarm would  have  been  received i f  a power th re sho ld  

only  was used,   but   the   value  of   modif ied  tau  did  not   exceed a 25 second 

t h r e s h o l d   d u r i n g   t h i s   s i m u l a t e d   f l i g h t .   I n   c o n d i t i o n  5 t h e  power 

th re sho ld  was exceeded   be fo re   t he   geomet r i ca l   t h re sho ld ,   whereas   i n  

cond i t ion  6 ,  the   opposi te   occurred.   These  per iods  of   occurrence were 

s h o r t ,  however,  and  of  minor s i g n i f i c a n c e .  

I n  a l l  cases, t h e   s i g n a l - t o - n o i s e   p l u s   i n t e r f e r e n c e   r a t i o  was 

amply exceeded   pr ior   to   the   po in t   o f   c loses t   approach .  

C. Performance Under Mul t ip l e   A i rc ra f t   Cond i t ions  
Using   the   At lan ta  Data Base 

1. General  Discussion.- To de t e rmine   t he   s eve r i ty  of t h e   s a t u r a t i o n  

and in t e r f e rence   p rob lem  fo r   t he  PWI system,  the  s imulated  system  has   been 

"flown"  on a l l  a i r c r a f t   i n   t h e   r a d a r   t r a f f i c   d a t a   f r o m   t h e   A t l a n t a  

te rmina l  (Hour 1 1 ) .   S t a t i s t i c s   h a v e   b e e n   d e r i v e d  on the   "average   percent  

of f l y i n g  time t h a t  a c e r t a i n  power level  exceeded a s p e c i f i e d  level." It 

s h o u l d   b e   r e c a l l e d   t h a t   t h i s   s t a t i s t i c   a l s o   p r o v i d e s   a n   u n b i a s e d  estimate 

o f   t h e   p r o b a b i l i t y   t h a t  a randomly  selected  system w i l l  have a power leveil 

exceeding   the   spec i f ied  level a t  a n y   p a r t i c u l a r   i n s t a n t   o f  time. 

The s y s t e m   p a r a m e t e r s   u s e d   i n   t h i s   p a r t i c u l a r   s t u d y  are g i v e n   i n  

Sec t ion  1II.D. The an tenna   pa t t e rns   u sed   i nc lude   t he   bes t   ava i l ab le   da t a  
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e x i s t i n g  a t  t h e   p r e s e n t  time on the   an tenna   conf igura t ion .   These   inc luded  

updated receiver pa t t e rns   based   on   r ecen t   anecho ic  chamber  measureP,ents  and 

t h e   t r a n s m i t t e r  and   t ransponder   pa t te rns   tha t  were measured f o r   t h e  two- 

frequency L-band system. The p a t t e r n s  are g i v e n   i n  Appendix B. 

2 .  Transponder   charac te r i s t ics . -   F igure  25 i n d i c a t e s   t h e   a l e r a g e   p e r c e n t  

of time t h a t   t h e   t r a n s p o n d e r   s a t u r a t i o n   f a c t o r  was g rea t e r   t han  a va lue  S f o r  

t h e  Hour 11 data   base .  The s a t u r a t i o n   f a c t o r  is t h e   r a t i o  of  the  nominal 

t ransponder   ga in  t o  the   ac tua l   t r ansponder   ga in .  From t h e   c u r l e ,  we see t h a t  

t h e   s a t u r a t i o n   f a c t o r  was g r e a t e r   t h a n  1.45 approximately 1% of t h e  time. In  

o the r   words ,   t he re   ex i s t s  a p r o b a b i l i t y  of a g a i n   r e d u c t i o n   g r e a t e r   t h a n  

approximately 1 . 4  db  of .01. No cases were no ted   fo r   wh ich   t he   s a tu ra t ion  

factor   exceeded 2.6 db. 

k 

Figure  26 shows the   average   percentage  of time t h a t   t h e  power output  of 

t he   t r ansponder  is g r e a t e r   t h a n  a va lue  P f o r   v a r i o u s   o u t p u t s ,  The t o t a l  

t ransponder   output  power exceeded 25 db approximately .7% of t h e  time. 

Note   a l so  that t h e   t r a n s p o n d e r   s i g n a l - t o - n o i s e   r a t i o   f o r   t h e   l a r g e s t   s i g n a l  

is less than  0 db approximately 40% of the  t ime.   Because  of   the  processing 

ga in   ach ieved   i n   t he  receiver, t h e   f a c t   t h a t   t h e   s i g n a l - t o - n o i s e   r a t i o  is 

less than  0 db s h o u l d   n o t   b e   d e t r i m e n t a l   t o  the ope ra t ion  of the  system. 

k 

From t h e  power statistics on  the  t ransponder ,  w e  can   conclude   tha t  w i t h  

the  system  parameters  used  and  with  the Hour 11 data   base ,   the   t ransponder  

is n o t   p r o n e   t o   s a t u r a t i o n   a n d  i s  ope ra t ing  well w i t h i n  a power l i m i t a t i o n  

of one watt o r  30 dbm. Al though  the   p robabi l i ty  is h i g h   t h a t   t h e   l a r g e s t  

s i g n a l  w i l l  be   be low  the   t ransponder   no ise   l eve l   o f   approximate ly  1 3  dbm, t h i s  

i s  not   de t r imenta l   to   the   opera t ion   of   the   sys tem.   Whi le   the   no ise   l eve l  of 

13 dbm sounds excessive, i t  s h o u l d   b e   r e c a l l e d   t h a t   t h i s  power is spread  over  

a bandwidth  of  approximately 4 MHz. 
3. Receiver performance.-  The s i g n a l  levels a t  the   r ece ive r   doub le  

d i f f e r e n t i a t o r   o u t p u t  are shown i n  Fig.  2 7 .  A g a i n   i n   t h e  receiver t o   t h e  

l i m i t e r - d i s c r i m i n a t o r   o u t p u t  of approximately 86  db has been  assumed.  Approx- 

imate ly  45% of the time, the l a r g e s t   s i g n a l  a t  t h e   d o u b l e   d i f f e r e n t i a t o r  

ou tput  is below the n o i s e   p l u s  the i n t e r f e r e n c e  power l e v e l .  The l a r g e s t  

s igna l - to-noise   p lus   in te r fe rence  power r a t i o   e x c e e d s  10 db only  9.5% of   the 

time. T h i s   s i t u a t i o n  i s  also i n d i c a t e d   i n   F i g .  28, wh ich   p lo t s   t he   s igna l -  
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Power Level (Pk), dba 

Fig. 27. Average  percent of time t h a t   t h e  power Fig. 28. Average  percent of time t h a t   t h e   s i g -  
l e v e l  a t  t h e   d o u b l e   d i f f e r e n t i a t o r   o u t p u t  na l - to -no i se   p lus   i n t e r f e rence  power 
is  g r e a t e r   t h a n  Pk, Hour 11 data .  r a t i o  a t  t h e   d o u b l e   d i f f e r e n t i a t o r   o u t -  

pu t  is  g r e a t e r   t h a n  SNIRk, Hour 11 da ta .  



t o -no i se   p lue   i n t e r f e rence  power r a t i o s  a t  t h e   d o u b l e   d i f f e r e n t i a t o r  

ou tput .  The i n t e r f e r e n c e  power (which arises f rom  t ransponder   ou tputs  

which are r e t u r n s   t o  receivers o t h e r   t h a n   t h e  receiver under   cons idera t ion)  

is less than   t he   r ece ive r   no i se   l eve l   app rox ima te ly  36% of   t he  time. 

These   undes i r ed   s igna l  returns e f f e c t i v e l y   i n c r e a s e   t h e   n o i s e  level of 

t h e  receiver by 10 db approximately 15% of t h e  time. Very rarely,   however ,  

d i d   t h e   u n d e s i r e d   s i g n a l   r e t u r n s   i n c r e a s e   t h e   r e c e i v e r   t h r e s h o l d   b y  as 

much as 15 db. 

The i n d i c a t i o n  t h a t  t h e  receiver is ope ra t ing   w i th  low s igna l - to-  

n o i s e   r a t i o s   f o r  a l a r g e   p e r c e n t   o f   t h e  time is  n o t   n e c e s s a r i l y   d e t r i m e n t a l  

t o   t h e   s y s t e m   o p e r a t i o n   i f   t h e   s i g n a l - t o - n o i s e   r a t i o  i s  h igh   du r ing   t he  

pe r iod  when an alarm should  be  received.   For  a power th re sho ld   co r re s -  

ponding  to  a modif ied  tau  value  of  25 seconds,   Fig.  29 p l o t s   t h e   l a r g e s t  

s i g n a l  power a t  t h e   d o u b l e   d i f f e r e n t i a t o r   o u t p u t .  The corresponding 

s i g n a l - t o - n o i s e   p l u s   i n t e r f e r e n c e   r a t i o s  (SNIR) are shown i n   F i g .   3 0 .  

The SNIR f o r   t h e   l a r g e s t   s i g n a l ,   o r   t h e   s i g n a l   c a u s i n g   t h e  alarm, is 

i n  a l l  cases g rea t e r   t han   16  db. 

S i g n a l   l e v e l s   u s i n g  a 25 second alarm threshold   based  on a 

c a l c u l a t i o n  of modi f ied   t au  from the   range  and  range rate o f   t h e   a i r c r a f t  

p r o v i d i n g   t h e   l a r g e s t   s i g n a l  a t  t h e   d o u b l e   d i f f e r e n t i a t o r   o u t p u t  are 

g i v e n   i n   F i g s .  31 and  32.  These power s t a t i s t i c s  compare well wi th   t hose  

obtained  using  the  corresponding power threshold   (F igs .  29 and 3 0 ) .   \ h e n  

a s i g n a l - t o - n o i s e   r a t i o   c o n s t r a i n t  was added t o   t h i s   c r i t e r i o n   s u c h   t h a t  

t he  SNIR had t o  exceed  13.3 db be fo re   an  alarm was r e g i s t e r e d ,  5 alarm 

cases (out  of 85 cases n o t e d   w i t h o u t   t h i s   c o n s t r a i n t )  were dropped. 

Figures  33  and  34 are p l o t s  of s i g n a l   l e v e l s   a n d  SNIR v h i l e   i n   a n  

alarm s t a t u s ,   w i t h   t h e  power th re sho ld   co r re spond ing   t o  a modi f ied   t au  

value  of  35 seconds.   Figures 35 and 36 show similar p lo t - s   o f   s igna l  

levels and SNIR w h i l e   i n   a n  alarm s t a t u s   w i t h   t h e  alarm threshold   based  

on  range  and  range rate measurements  and f o r  a modi f ied   t au   va lue   o f  

35 s e c o n d s .   I n   t h i s   s i t u a t i o n ,   t h e  SNIR of t h e   l a r g e s t   s i g n a l   e x c e e d e d  

3 db i n  a l l  cases. This SNIR is less t h a n   t h e   v a l u e   r e q u i r e d   t o  make 

r e l i a b l e  measurements  of  range  and  range rate us ing   t he   vo l t ages   de r ived  

from  the FM s i g n a l .  The probabi l i ty   of   exceeding a 13.3 db SNIR th re sho ld  
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Fig. 29. Average  percent  of time that  the rece ived  power l e v e l  is g r e a t e r  
t han   Pk   fo r  alarm s i t u a t i o n s   o n l y ,  Hour 11 da ta .  Power l e v e l  
threshold  corresponding  to   modif ied  tau = 25 secs .  
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Fig. 30. Average  percent  of time that the s i g n a l - t o j l o i s e   p l u s   i n t e r f e r e n c e  
r a t i o  a t  the d o u b l e   d i f f e r e n t i a t o r   o u t p u t  is g r e a t e r   t h a n  SNLRk f o r  
alarm s i t u a t b n s   o n l y ,  Hour 11 data .  Power level threshold   cor res -  
ponding  to   modif ied  tau = 25 secs. 
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Power  level at double  differentiator  output  in  alarm  situations (P ), dbm k 

Fig. 31. Average  percent of t i m e  t h a t   t h e  receiver power level is g r e a t e r  
than  Pk f o r  alarm si tuat ions  only.   Threshold  based  on  range  and 
range  rate a d  modif ied  tau = 25 secs. 

Signal-to-noise  plus  interference  ratio (SNIRk), db. 

Fig. 32. Average  percent  of time t h a t   t h e   s i g n a l - t o - n o i s e   p l u s   i n t e r f e r e n c e  
r a t i o  a t  t h e   d o u b l e   d i f f e r e n t i a t o r   o u t p u t  is g r e a t e r   t h a n  SNIRk f o r  
alarm s i t u a t i o n s  only. Threshold  based on measured  range  and  range 
rate and   modi f ied   t au  = 25 secs. - 
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Fig. 33. Average  percent  of time that the r e c e i v e r  power level i s  g r e a t e r  
than  Pk f o r  alarm s i t u a t i o n s   o n l y .  Power level th re sho ld   co r re s -  
ponding  to   modif ied  tau = 35 secs. 

Signal-to-noise plus interference  ratio (SNIRk), db. 

Fig. 34.  Average  percent of time that the s igna l - to-noise   p lus   in te r fe rence  
r a t i o  a t  t h e   d o u b l e   d i f f e r e n t i a t o r   o u t p u t  is g r e a t e r   t h a n  SNIRk f o r  
alarm s i t u a t i o n s   o n l y .  Power level threshold   cor responding   to  
modi f ied   t au  = 35 secs. 
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Fig. 35. Average  percent of time tha t :   the   rece ived  power l e v e l  i s  g r e a t e r  
than  Pk f o r  alarm s i tua t ions   on ly .   Threshold   based  on  measured 
range  and  range ra te  and  modified  tau = 35 secs. 

0 

Fig. 3 6 .  Average  percent of time t h a t  the s igna l - to-noise   p lus   in te r fe rence  
r a t i o  a t  the d o u b l e   d i f f e r e n t i a t o r   o u t p u t  is  g r e a t e r   t h a n  SNIRk f o r  
alarm si tuat ions  only.   Threshold  based  on  measured  range  and  range 
ra te  and  modified t a u  = 35 secs. 

55 



( t h e  value c a l c u l a t e d  as r e q u i r e d   f o r   r e l i a b l e   m e a s u r e m e n t s )   w h i l e  in an alarm 

s t a t u s  is G.5. Thus, f o r   a n  alarm threshold   cor responding  t o  a mocXfied t a u  

v a l u e   o f  35 seconde, the SNIR performance  of   the  system is marginal  and  should 

be  improved. 

Another  important  measure o f  receiver performance i s  the r a t i o  of t h e  

l a rges t   s igna l   ( i . e .   t he   s igna l   caus ing   t he   a l a rm)   t o   t he   s econd   l a rges t   s igna l  

i n t o   t h e  receiver limiter. S ince  the r e c e i v e r  is designed so t h a t  the l a r g e s t  

s i g n a l  is the most   hazardous  s ignal ,  i t  shou ld   be   g rea t e r  by ay,proximately 

3 db t o   c a p t u r e  the limiter and t o  p e r m i t   r e l i a b l e  FM demodulation.  The 

s i g n a l - t o - s i g n a l   r a t i o s  are  p l o t t e d   i n   F i g .  37 f o r  alarm th resho lds   co r re s -  

ponding   to   va lues  of  modif ied  tau of 25 and 35 seconds.  A s  may b e   s e e n ,   t h e  

ra t io   exceeded  6 db i n  a l l  cases f o r   t h e  25 second  threshold,   and  exceeded 

3 db 93% of   t he  alarm time f o r   t h e  35 second  threshold.  

Fig. 37. Average  percent   of   t ime that the r a t i o  of the l a r g e s t   s i g n a l   t o  the 
s e c o n d   l a r g e s t   s i g n a l   i n t o  the receiver limiter is g r e a t e r   t h a n   t h e  
va lue   g iven   a long  the h o r i z o n t a l   a x i s   f o r  alarm t h r e s h o l d s  of 25 and 
35 seconds (Hour 11 d a t a ) .  
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4 .  Summary.- For the s y s t e m   p a r a m e t e r s   u s e d   i n   t h i s   p a r t i c u l a r   s i n u l a -  

t ion ,   and   us ing  the Hour 11 d a t a  base, the t ransponder  is o p e r a t i n g  well 

within  an  assumed power l i m i t a t i o n   o f  30 dbm. The to t a l   t r ansponder   ou tpu t  

power exceeded 25 db  only .7% of t h e  time. 

In t h e  receiver, t h e   i n t e r f e r e n c e  l e v e l  i s  no t   excess ive .  Fo r  an alarm 

threshold   cor responding  t o  a modified tau  *Jalue  of  25 seconds,  t:le s ignal- to-  

n o i s e   p l u s   i n t e r f e r e n c e   r a t i o   f o r   t h e   s i g n a l   c a u s i n g   t h e  alarm vas g r e a t e r  

than  16  db i n  all cases. For a n  alarm threshold   o f   35   seconds ,   the   s igna l - to-  

n o i s e   p l u s   i n t e r f e r e n c e   r a t i o   e x c e e d e d  3 db i n  a l l  cases. 

The low SNlR va lues   encoun te red   fo r  a threshold  based  on 35 seconds are 

l a r g e l y  d u e  t o   t h a   i n r e r f e r e n c e  level ,  r a t h e r   t h a n   t h e  receiver n o i s e  level.  

R a t i o s   o f   t h e   l a r g e s t   s i g n a l   t o   t h e   s e c o n d   l a r g e s t   s i g n a l   i n t o  tllc 

l imi te r -d iscr imina tor   exceeded  6 db i n  a l l  cases f o r  a 25 second alarm t h r e s -  

hold  and  exceeded 3 db 932 of   the  time f o r  a 35 second alarm t h r e s h o l d .  

D, 1’erforclanc.e  Under Plul t i p l e   A i r c r a f t   C o n d i t i o n s   U s i n g  
An Extended  Uensity nata Base 

1. General   d iscussion.-  The s a t u r a t i o n   s t u d i e s   d i s c u s s e d   i n   t h e  previc.cls 

s e c t i o n  were c a r r i e d   o u t   u s i n g  Hour 11 of t h e   A t l a n t a   r a d a r   d a t a  base. It is 

a n t i c i p a t e d   t h a t :   f u t u r e   a i r c r a f t   d e n s i t i e s  may well b e   g r e a t e r   t h a n   t h a t  en- 

countered i n  t h e  Atlanta d a t a ,   a l t h o u g h   t h e   A t l a n t a   d a t a  were fo r   nea r -capac i ty  

opera t ions  a t  t h a t   t e r m i n a l .  To p r o v i d e   f o r   v a r i a b l e   a i r c r a f t   d e n s i t y ,  tlle 

At lan ta   da ta   base   has   been   ex tended  t o  provide  higher   numbers  of a i r c r a f t  

w i t h i n   t h e   t e r m i n a l  area. The t echn iques   fo r   mak ing   t he   ex te r r s ioas   t o   t he  

d a t a   b a s e  are d i s c u s s e d   i n   t h e   f o l l o w i n g .  

2. Extensions of t h e   A t l a n t a   d a t a  base.- In developing an extended 

d e n s i t y   d a t a   b a s e ,  i t  is h i g h l y   d e s i r a b l e   t h a t   t h e   d a t a   b a s e   b e   r e p r e s e n t a t i v e  

of t h e   p r e s e n t  ATC ope ra t iona l   p rocedures   and   s epa ra t ion   s t anda rds .   Tha t  is ,  

o n e   c a n n o t   j u s t   i n s e r r -   m o r e   a i r c r a f t   i n  a c e r t a i n  volume  without   careful  con- 

s i d e r a t i o n   o f   t h e   s p a c i n g   o f   t h e s e   a i r c r a f t .  

I n   o r d e r   t o  p r o v i d e  

Carlo  technique was used 

of t h e   A t l a n t a   d a t a  were 

but ion  of relative range 

a r e a l i s t i c   e s t e n s i o n  of t h e   A t l a n t a   d a t a ,  a Monte 

as i l l u s t r a t e d   i n   F i g .  38 (see  Appendix E ) .  Analyses 

c o n d u c t e d   t o   d e t e r m i n e   t h e   j o i n t   p r o b a b i l i t y   d i s t r i -  

and c l o s i n g   v e l o c i t y   b e t w e e n   p a i r s   o f   a i r c r a f t  (see 
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Fig. 38. Technique   for   ex tens ion  of d a t a   b a s e   t o   h i g h e r   d e n s i t y   s i t u a t i o n s .  

Appendix F).  T h i s   j o i n t   d i s t r i b u t i o n  was t h e n   u s e d   t o   p o s i t i o n   t h e   a i r c r a f t  

relative t o  ownship  and t o  select t h e   p r o p o e r   b e a r i n g   t o   t h e   t a r g e t  and t h e  

heading  angle  of t h e   t a r g e t   r e l a t i v e   t o   t h e   o w n s h i p .  

For   one  calculat ion  increment ,  a random  number gene ra to r  is u s e d   t o   s e l e c t  

a v a l u e  of relative r a n g e   a n d   c l o s i n g   v e l o c i t y   i n   a c c o r d a n c e   w i t h   t h e   j o i n t  

d i s t r ibu t ion   ob ta ined   f rom  the   A t l an ta   da t a .  Based  on  geometr ical   constraints  

t h a t  exist under   an   hypothes is   tha t  all a i r c r a f t   h a v e   n e a r l y   t h e  same v e l o c i t y  

(i.e., t h e r e  is a s p e e d   l i m i t   i n   t h e   t e r m i n a l  area), t h e   v a l u e  of c l o s i n g  

v e l o c i t y   s e l e c t e d  is u s e d   t o   p o s i t i o n   e a c h  of (N-1) a i r c r a f t  relative t o  own- 

ship.  N e x t ,  b a s e d   o n   t h e   p a r t i c u l a r   v a l u e  of c l o s i n g   v e l o c i t y  and re la t ive 

bear ing,   one of two poss ib l e   head ings  i s  s e l e c t e d   w i t h  a .5 p r o b a b i l i t y  of 

each. T h e s e  parameters  are then   used   to   pos i t ion  N a i r c r a f t   t o   c a l c u l a t e   t h e  

s y s t e m   o u t p u t s   f o r   o n e   p a r t i c u l a r   s i m u l a t e d   r a d a r   s c a n  (see Appendix E). 
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R e p e t i t i v e   c a l c u l a t i o n s  are then   u sed   t o   de t e rmine   t he  statistics such 

as those c a l c u l a t e d  i n  t h e   p r e v i o u s   s e c t i o n .  

Th i s   t echn ique   fo r   ex t ens ion  of t h e   d a t a   b a s e   i n   e f f e c t  assumes t h a t   t h e  

ATC sepa ra t ion   r equ i r emen t s  remain similar t o  those e x i s t i n g  i n  t h e   A t l a n t a  

da t a   base .  It is a l s o   p o s s i b l e ,   u s i n g  this t e c h n i q u e ,   t o   s i m u l a t e   t h e   e f f e c t s  

of  changing  the FAA minimum s e p a r a t i o n   r e q u i r e m e n t   b e t w e e n   a i r c r a f t ,   t h e   s i z e  

o f   t he   t e rmina l  area, o r   t h e   s p e e d  limit of a i r c r a f t   i n   t h e  terminal area. 

Because   o f   t ime  l imi ta t ions ,   however ,   these   e f fec ts  were n o t   i n v e s t i g a t e d  

du r ing   t he   p re sen t   s tudy .  

3 .  Ver i f i ca t ion   o f   t he   ex t ended   da t a  base.- I n   o r d e r   t o   x e r i f y   t h a t   t h e  

technique  for   the  generat ion  of   extended  data  was v a l i d ,   s i m u l a t i o n   r u n s  were 

conducted  using  the  average number of a i r c r a f t   p r e s e n t   i n   t h e   A t l a n t a   d a t a  

(12.7 a i r c r a f t   p e r   s c a n )   i n   t h e   e x t e n d e d   s i m u l a t i o n  model  and t h e   r e s u l t i n g  

outputs  compared. The o u t p u t s  compared very   favorably   under   these   condi t ions .  

An example  of t he   deg ree   o f   s imi l a r i t y   be tween   t he   r e su l t s   u s ing   t he   A t l an ta  

da ta  b a s e   a n d   t h e   r e s u l t s   u s i n g   t h e  Monte Carlo  model are shown i n   F i g .  39. 

T h i s   p a r t i c u l a r   c u r v e  is fo r   t he   ave rage   pe rcen t   o f  time t h a t   t h e   s i g n a l - t o -  

n o i s e   p l u s   i n t e r f e r e n c e   r a t i o   i n t o   t h e   r e c e i v e r  limiter exceeded a g iven   va lue .  

The o t h e r   r e s u l t s  compared equal ly   favorably .  

. .  

This   compar ison   of   resu l t s   f rom  the   ac tua l   da ta   base   and   the   ex tended  
da ta   base  model  gave  confidence in   t he   r e su l t s   ob ta ined   f rom  the   ex tended   da t a  

base   mode l .   These   r e su l t s   a r e   d i scussed   i n  tlle fo l lowing   s ec t ion .  

4 .  Resul t s   o f   s imula t ions   us ing   the   ex tended   da ta   base  model.- F igures  

40 through 46 p r e s e n t   r e s u l t s  similar t o   t h o s e   i n   S e c t i o n  V.C. excep t   t ha t   t he  

ex tended   dens i ty   da ta   base  is u s e d .   F o r   s i m p l i c i t y ,   t h e   c u r v e s   f o r   t h e  

second,   th i rd ,  e tc .  a i r c r a f t  are n o t  shown o n   t h e s e   p l o t s .  The a i r c r a f t  

d e n s i t i e s   c o n s i d e r e d  were 13,  20, 30 and 40 a i r c r a f t   w i t h i n  a r ad ius   o f  

roughly 35 n.mi. o f   the   t e rmina l .  
Inspec t ion   of   the   per formance   curves   ind ica tes   tha t   even   wi th   ex tended  

dens i t i e s ,   t he   t r ansponder   d id   no t   i n   any  case exceed a power level of 

one w a t t .  The s igna l - to -no i se   r a t io s  a t  t h e   r e c e i v e r   i n  alarm s i t u a t i o n s  

degraded somewhat a s  would be expected. However, t h e   s i g n a l - t o - i n t e r f e r e n c e  

r a t i o s   d u r i n g  alarm s i tua t ions   exceeded  11 db f o r   t h e   e x t e n d e d   d e n s i t y  

r e s u l t s   f o r  a t  least 90 percent   o f   the  alarm time, f o r  a warning time 
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Fig. 39. Comparison  of r e s u l t s   u s i n g   a c t u a l   d a t a  and 
s imulated  data .   Percent  of t o t a l   f l y i n g  
time tha t   t he   s igna l - to -no i se   p lus   i n t e r -  
f e r e n c e   r a t i o   i n t o   t h e   r e c e i v e r  limiter 
exceeds SNIRk. 
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g r e a t e r   t h a n  Sk for   extended 
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Fig. 41. Average percent  of time t h a t   t h e  power 
output of the  transponder is  greater   than 
Pk f o r   v a r i o u s   a i r c r a f t   d e n s i t i e s   i n  ex- 
tended  density model. 
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Fig. 42. Average percent  of time t h a t   t h e  
power l e v e l  a t  the  double   differen-  
t i a t o r   o u t p u t  is grea ter   than  Pk f o r  
extended  densi ty   data  (40  a i r c r a f t ) .  



Signal-to-noise plus  interference  power  ratio (db) 

Fig. 4 3 .  Receiver  signal-to-noise  plus  interference power ra t ios  in alarm 
s i tuat ions  (modified  tau = 25 s e c s . )  extended  data  base. 
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Signal-to-noise plus  interference  power  ratio (db) 

Fig. 4 4 .  Receiver  signal-to-noise  plus  interference power r a t i o s   i n  alarm 
s i tuat ions  (modified  tau = 35 secs . )  extended  data  base. 
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Signal - to-Signal  Power Ra t io  

F ig .  45. Rat io  of l a r g p s t  received s igna l   t o   s econd   l a rges t   r ece ived   s igna l  
i n   a l a r m   s i t u a t i o n s   ( m o d i f i e d   t a u  = 25 s e c s . )  

Fig. 4 6 .  
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R a t i o  of l a r g e s t   r e c e i v e d   s i g n a l  t o  s e c o n d   l a r g e s t   r e c e i v e d   s i g n a l  
in alarm s i tua t ions   (mod i f i ed   t au  = 35 secs . )  
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(modified  tau)  of  25  seconds. 

For  alarm  thresholds  corresponding  to  modified  tau  of 15 secoilds,  very 

few alarm  cases  were  noted.  Hence,  curves  of  signal-to-noise  plus  inter- 

ference  ratios  and  power  levels  were  not  plotted  for  this  case.  In  all 

alarm  situations  noted,  however,  the  signal-to-noise  plus  interference 

ratio  was  greater  than 16 db.  using  the 15 second  threshold (40  A / C  density 

case). 

The percent  of  time  spent  in an alarm  status  increased  with  increasing 

aircraft  density, as would  be  expected.  Table 4 provides  a  summary of these 

times  for  various  densities  and  alarm  thresholds.  The  approximate  number 

of  alarms  per  arrival  at  the  terminal  has  also  been  estimated  by  assuming 

values  for  average  flying  time  in  the  terminal  area (13 minutes)  and 

average  alarm  duration (15 seconds).  These  statistics  again  indicate the 

desirability  of  using  warning  times  on  the  order of 25 seconds  (modified 

tau)  in  congested  areas. 
The  results  from  the  extended  density  simulations,  then,  do  not  sig- 

nificantly  change  the  conclusions  drawn  from  the  simulations  using  the 

Atlanta  data  base. The  system  with  parameters as presently  selected 

appears  to  perform  satisfactorily  even  in  extremely  dense  traffic  situa- 

tions,  If  it  is  anticipated  that  alarm  thresholds  of 35 seconds  are  to 
be  used  in  the  terminal  area,  the  system  transmitted  power  should be 

increased  such  that  the  signal-to-noise  plus  interference  ratio  is  not 

marginal  at  ranges  and  closing  velocities  corresponding  to  this  threshold 

condition. 

E. Probability  of a Communications Loss Due to PN  Code  Synchronization 

1. General  discussion.- A s  mentioned  in  Section IV.C., there  exists  the 

possibility  that  the PN code in a  given  transponder  will  be  in  synchronism 
with  an  interrogating  signal.  If  this  occurs, a  loss  of  communications  will 

result.  Even  though  the  signals are  not  in  synchronism,  the  difference 

signal  out  of  the  first  mixer  in  the  transponder will sweep  through  the 

notch  filter  periodically.  This  situation  is  shown  in  Fig. 47. 
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Table 4. Alarm S t a t i s t i c  Summary 

Threshold A i r c r a f t   D e n s i t y  Percent   of  Approx. No. 
S e t t i n g  (% 40 n.mi. T ime  i n  of Alarms 

(Elodif ied  Tau) r a d i u s )  A l a r m  S t a t u s  Per  Arrival* 

35 sec. 13 4.1 
(Atlanta   Densi ty)  

20 6.3 

30 

40 

8.4 
11.2 

25 sec .  

15   sec .  

1 3  .6 
(:I& lan ta   Dens i ty )  

20 .6 

3 0 1 . 0  

40 1.5 

13 .2 
(Atlanta   Densi ty)  

20 - 2 5  

30 . 3  

40 .4 

2.1 

3.2 

4.3 

5.7 

.3 

. 3  

. 5  

.8 

.1 

.13 

.15 

.2 

*Based  on 13 m i n u t e s  f l y i n g  time i n   a r e a   a n d  alarm d u r a t i o n  of 
15  seconds. 

The fo l lowing   s ec t ions   deve lop   t he   r e l a t ionsh ips   r equ i r ed  t o  estimate 

t h e   e f f e c t s   o f   t h e   n o t c h   f i l t e r   o n  the r e t r a n s m i t t e d   s i g n a l s   a n d  the 

p robab i l i t y   o f  a complete  communications  loss.  

2. Transponder   synchroniza t ion   and   no tch   f i l t e r   e f fec ts . -  The r e t u r n  

s igna l   f rom  the   t ransponder  w i l l  e f f e c t i v e l y   d r o p   o u t   e a c h  time t h e   d i f f e r e n c e  

f u n c t i o n   p a s s e s   t h r o u g h   t h e   n o t c h   f i l t e r .   T h i s  w i l l  provide a s t rong   ampl i tude  

modulation  component a t  a frequency  which may be  determined  from  the  average 

number of ze ro   c ros s ings  of t he   d i f f e rence   func t ion   and   t he   code   l eng th .   Fo r  

example,   for a 31 b i t   c o d e  403 m i l l i s e c o n d s   l o n g ,   t h e  AM modulation component 

i s  approximately 13 Hz. For a 6 3  b i t  code   819   mi l l i seconds   long ,   the   d ropout  

frequency is approximately 10 Hz. 

The p r o b a b i l i t y   t h a t  a t ransponder  w i l l  b e   i n   s y n c h r o n i s m   w i t h   t h e   i n t e r -  

r o g a t i n g   t r a n s m i t t e r   s u c h   t h a t  no r e t u r n  a t  a l l  i s  received  f rom  the  t ranspon-  

d e r  is given by t h e   e x p r e s s i o n ,   f o r   e x a c t l y   e q u a l   c l o c k   f r e q u e n c i e s ,  
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(b) Lifference S i g n a l  from  Transponder 

1st Mixer 

Fig.  47. Ske tch   i nd ica t ing  how t h e   d i f f e r e n c e   s i g n a l  a t  the   t ransponder  1st 
mixer   ou tput   sweeps   th rough  the   no tch   f i l t e r   bandwidth   for   an   input  
s igna l   non-synchronous   wi th   the   t ransponder  L.O. s i g n a l .  

2Af 

BT PROB. (no   r e tu rn )  = - n 

where Af i s  the   w id th  of t h e   n o t c h   f i l t e r   i n   t h e   t r a n s p o n d e r ,  (3 is t h e  

frequency  s lope,   and T i s  t h e   t o t a l   l e n g t h  of the  code.  The  above  equation 

a s sumes   t ha t   t he   c locks   i n   t he   t r ansponder   and   t r ansmi t t e r  are  running a t  t h e  

exac t  same rate. For  example, a 127 b i t   c o d e  of length   1270  mi l l i seconds   wi th  

a s l o p e  of  16.6 MHz/sec. and a notch  width  of   10 KHz w i l l  have a p r o b a b i l i t y  

of no ou tpu t   on   t he   o rde r  of 1 0  . 

n 

-3 
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I f   t h e   c l o c k s  i n  the   t r ansmi t t e r   and   t r ansponder  are not   running  a t  

e x a c t l y   t h e  same rate, a b e a t  phenomenon w i l l  t ake   p lace   and   dropouts  w i l l  

occur  a t  t h e   b e a t   f r e q u e n c y .   I f   t h e   c l o c k s   d i f f e r  by a frequency Af Hz, then  

t h e   b e a t  w i l l  occur  a t  a frequency Af /p ,  where p is t h e  number o:,i b i t s   i n   t h e  

code.  Thus, t h e r e  w i l l  b e  a dropout  of  approximate  duration 2Afn/6toAf every 

p/Afc  seconds.  For  example, i f  a one Hz d i f f e r e n c e   e x i s t s   b e t w e e n   t h e   c l o c k s ,  

a 127 b i t  code  with a b.ih per iod   of   10   mi l l i seconds   and   s lopes   and   no tch  

widths  as g i v e n   i n   S e c t i o n   1 I I . F .  would  have a .12  second  dropout  every  127 

seconds. 

C 

C 

C 

N o t e   t h a t   i f  w e  d iv ide   the   d ropout   .dura t ion  by t h e   d r o p o u t   p e r i o d   t o  ob- 

t a i n  a p robab i l i t y   o f  no r e t u r n   s i g n a l ,  w e  get   equat ion  (25) .   Thus,  small 

d i f f e r e n c e s   i n   t h e   c l o c k  rates do   no t   a f f ec t   t he   p robab i l i t y   o f   no   r e tu rn  

s i g n a l  a t  any   pa r t - i cu la r   i n s t an t  of  time. T h i s   p r o b a b i l i t y  i s  s t r i c t l y  a 

f u n c t i o n   o f   t h e   n o t c h   w i d t h ,   t h e   s l o p e ,   a n d   t h e   t o t a l   l e n g t h  of the   code .  

It is a l s o   p o s s i b l e   t o   o b s e r v e   d r o p o u t s  of s m a l l e r   d u r a t i o n   t h a n   t h a t  

considered  above.   For   example,   there   are   cer ta in   values   of   delay  where a drop- 

o u t  w i l l  occur  of a l e n g t h   e q u i v a l e n t   t o   s i x   b i t   u n i t s   i n   t h e  case of  a 127- 

b i t  code .   For   the   127-b i t   codes ,   the   p robabi l i ty   o f  a dropout  of a d u r a t i o n  

g r e a t e r   t h a n  a given  value  has  been computed  and is  shown i n   F i g .  4 8 .  For  the 

o ther   127-b i t   codes ,   the   cumula t ive   p robabi l i ty   curves   appear   to   have   genera l ly  

t h e  same form. A l l  of  the  curves   approach  an  asymptot ic   value  given by 

equat ion   (25) .  

The dropouts   o f   dura t ion   grea te r   than   tha t   cor responding   to  a s i n g l e  sweep 

through  the  f i l t e r  and less than   t ha t   co r re spond ing   t o  a t o t a l   d r o p o u t  w i l l  

a l so   cause   an  AM modu la t ion   o f   t he   s igna l   i f  a d i f f e r e n c e   e x i s t s   b e t w e e n  tlle 

c lock rates i n   t h e   t r a n s m i t t e r  and   t ransponder .   The   dropouts   in   th i s   c lass  

occur   approximate ly   every   b i t   un i t .   Thus ,   an  AM modulation component will 

exist  a t  a frequency of Af as w e l l  as a t  the  f requencies   ment ioned  previous-  

l y .  Hence, t h e r e  w i l l  exist AM modu la t ion   o f   t he   r e tu rn   s igna l  a t  the   fo l low-  

ing   f requencies   and   wi th   the   approximate   dura t ions  as noted: 

C '  
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Table 5. AM modulation  of  return  signal  due  to  the  transponder  notch  filter. 

Dropout  Frequency 
(Hz 1 

Approximate  Duration 
(sec. 1 Cause 

~~ - - ~ 

Nz/T Afn/ B Difference  fun-tion 
sweeping  throcgh  notch 

Afc/P 

Af C 

2Afn/  Btohf 

less  than  smaller of 
nt 0 or  2Afn/BtoAfc 

Periodic  total  synchron- 
ization  due t . 0  difference 
in  clock  rat? 

Periodic pal tial  syn- 
chronization  due  to  dif- 
ference  in  clock  rate 

Where:  Nz = No.  of  zero  crossings  of  the  difference  function,  n = length  of 
shift  register,  and to, p, B, hf,, T, Af were  defined  previously. 

C 

Fig. 4 8 .  Probability of a  signal  dropout  of  duration  greater  than T for  the 
specific  127  bit  code  specified.  This  plot  assumes  the  separate 
clocks  generating  the PN codes  are run at  exactly  the  same  rate  and 
that  the  transmitter  center  frequencies  are  exactly  the  same. 
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In  the  following  section,  the  probability  of a complete  communications 

loss is considered  for  given  variations  in  clock  and  transmitter  center 

frequencies. 

3. The p-robability  of a  communications  loss  (missed  alarm)  due  to  trans- 
. .. . . - - " - .  . ~~ ~~ 

." - " 

ponder-transmitter  synchronism.-  System  dropout is defined  here as communica- 

tion  time  when  no  return  is  transmitted  from  the  transponder,  due  to  the  pres- 
ence  of  the  notch  filter  in  the  transponder.  Any  time  the  diffe.rence  between 

the  received  frequency  and  the  local  transmitter  frequency is  less than Af n' 
dropout  will  occur.  Total  dropout  is  loss  of  communications  dcring  all  of  a 

specified  time  interval, . 
TC 

The probability  that a  transponder  will  be  in  phase  synchronism  with  the 

interrogating  transmitter  such  that  no  return  is  received  from  the  transponder 

during  any  time  interval is termed  the  probability  of  total  dropout,  given  by 

equation (25). Equation  (25)  assumes  that  the  transponder  and  transmitter  have 

identical  clock  rates.  Variation  in  clock  frequency as well  as  transmit  fre- 

quency  should  enhance  the  total  dropout  probability  to  the  extent  that  this 

probability  is  reduced. This  section  presents  a  discussion  of  the  effects  of 
such  variations. 

In  deriving  equation ( 2 5 ) ,  clock  frequency  is  considered  stable  to the 

extent  that  if A€ < Af  at  the  beginning  of  the  code  sequence  this  condition 

remains  true. It can  be  seen  in  Fig. 49 that  if  the  phase  delay  time, t is 
such  that Af < Af  for  all  t,  then  total  dropout  occurs.  However,  even  if t n 9 
is  large  enough  that  total  dropout  does  not  result,  there are  still  generally 
some  periods  of  dropout  during  the  communication  time,  as  given  in  Table  5. 

For  the  codes  actually  used  for  modulation  in  this  system,  computer  results 

show  that  these  isolated  dropouts are of  short  duration  and  do  not  affect  the 

total  dropout  probability. 

- n 

9 '  
- 

Figure 48 has  shown  the  probability  of  a  dropout  for  various  127-bit  codes 

with  all  values  of  phase  delay  between  the  two  signals  considered  equally  like- 

ly.  It  can  be seen that  the  probability of a  dropout  of  duration  greater  than 
70 msec.  is on the  order  of  for  the ( 7 , 3 ) ,  127-bit  code.  (This  curve  is 

representative  of all 127-bit  codes--variation  between  specific  codes  is  minor.) 

Since  communication  dropouts  of  concern  will  only  involve  total  times  greater 

than  about 10 seconds,  these  short  duration  dropouts  do  not  appreciably  affect 
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I bf slope 8 

2f * 
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I '  phase delay time 
t9 \'/ 

V 

N o t e :  T h e  w i d t h  of tlle n o t c h  f i l t e r  is e x a g g e r a t e d  on t h e  f r e q u e n c y  scale. 

Fig. 49. ( a )   f - t   p lo t   o f   t r ansponder   s igna l   ( so l id   l i ne )   and   r ece ived   s igna l  
( d o t t e d   l i n e )   f o r  a t y p i c a l  13 b i t  code. (b) d i f f e rence   f r equency  
versus t i m e  showing t h e   n o t c h   f i l t e r  a n d   v a r i o u s   s h o r t   d u r a t i o n  
dropout times. 

the t o t a l   d r o p o u t   s i t u a t i o n ,   b u t   c a u s e  AM modulation, as previous ly   d i scussed .  

C o n s i d e r i n g   v a r i a t i o n s   i n  carrier frequency f and  c lock  f requency f the,  
C '  

t o t a l   d r o p o u t   p r o b a b i l i t y   c a n  b e  expressed as 

P rob . ( to t a l   d ropou t )  = Prob.(Af - < Afn, dropout   wi th  Af < Af ). c - c1  (26) 

where Af is t h e   d i f f e r e n c e   i n   t r a n s m i t t e r  and  transponder carrier f requencies ,  

A €  is t h e   d i f f e r e n c e   i n  transmitter and  t ransponder   c lock  f requencies ,  
C 
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t secondary d r o p o u r  rimcs 

b u t  
t Ice 

'T 

Fig. 50. f - t  analysis of transponder  output  when c l o c k  frequencies vary. 



Af is 2Afn/BtoTc, t h e  c r i t i c a l  c lock   f requency   above   which   to ta l  

dropout is n o t   p o s s i b l e  (see Fig. SO), and 

Afn i s  t h e   n o t c h   f i l t e r   b a n d w i d t h   i n  Hz (10 KHz). 

Also, Prob.(Af - < Afn, dropout   with Afc < Afc ) is t h e   j o i n t   p r o b a b i l i t y  

o f   d r o p o u t   d u e   t o   t h e   d i f f e r e n c e   i n   c a r r i e r  - i !  requencies   be ing  less than  

the   no tch   f i l t e r   bandwid th   ( s ee   F ig .   51 )   and   d ropou t   due   t o   t he   f ac t  

that   the   communicat ion time T is less than   the   d ropout  time caused by 

c lock   f requency   d i f fe rences .  
C 

It  w i l l  b e  assumed h e r e   t h a t   c l o c k   v a r i a t i o n s   a n d   t r a n s m i t t e r   c a r r i e r  

v a r i a t i o n s  are s t a t i s t i c a l l y   i n d e p e n d e n t .  Then 

Prob.(Af - < Afn, dropout   with Af < Af ) = Prob.(Af < Afn) c - c1 - 

Prob.  (dropout  with Af < Afcl). 
c -  

The event  "dropout  with Afc AfCl l '  w i l l  i nvo lve   s i t ua t ions   where   t he  com- 

munication time T f a l l s   t o t a l l y   w i t h i n   t h e   p r i m a r y   d r o p o u t  time d e f i n e d   i n  

Fig.  50. The secondary  dropout times are neglec ted   on   the   assumpt ion   tha t  

t h e s e  are s h o r t  compared to Tc as  was t h e   s i t u a t i o n   w i t h   t h e   s h o r t   d u r a t i o n  

dropout times experienced when c o n s i d e r i n g   o n l y   p h a s e   d i f f e r e n c e s   i n   t h e  two 

s i g n a l s  as i l l u s t r a t e d   i n   F i g .  4 9 .  Thus, 

C 

I \ "  v '\ v, 
A f  2 A f -  total  dropout  results \ 

L' 

Fig. 51. f - t   p lo t   o f   t r ansponder   s igna l   ( so l id   l i ne )   and   r ece ived   s igna l  
( d o t t e d   l i n e )   f o r  a typ ica l   13-b i t   code   where  there i s  a d i f f e r e n c e  
Af i n  carrier f requencies .  
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Prob.  (dropout  with  Af < Af cl) = Prob(T € 2tcl c -  C 
Afc - < AfCl)Prob(Afc 1. Af ) 

Cl 

(28) 
where Prob.(Af < Afcl) is just  the  marginal  probability  that  the  communica- 

tion  time is less  than  the  primary  dropout  time  2t  and Prob. (Tc 2tcl  lAfc 
- < AfCl) is the  probability  that  the  time  of  communication T falls  totally 

within  the  primary  dropout  time  2t  conditioned on T < 2tcl.  rherefore, 

equation (27) becomes 

c -  

Cl ' 
C 

C1 c -  

Prob.(total  dropout) = Prob.(Af - < Afn)Prob.(Afc - < Afcl) 

Prob. (T 2tcl I Afc  AfCl).  (29) 

Assume  that  the  variation  in  transmitter  carrier  frequency  of  each  trans- 

mitter  is  normally  distributed  with  mean  f*  and  standard  deviation u 

[N(f*,o,)]. Then  the  difference  in  carrier  frequencies Af  is  also  distributed 

normally  with  zero  mean  and  standard  deviation u fi, [N(O,utfi)]. Thus, 

from  (29) 

t' 

t 

Prob. (Cf - < Afn) =I Tn g(Af)dAf = erf( Af:) . 
-Af n I F  

Here erf(*) is the  error  function  where 
2 erf(x) = - 1 e dt. -t X 2 

& O  

For  the  system  parameters  selected,  the  notch  width A f  is 10 KHz  such  that  if 

u < 10 KHz, then  Prob.(Af < Afn) 1.0. 
n 

t -  - 
Furthermore,  assume  that  each  transmitter  clock  frequency  is  normally 

distributed  with  mean f* and  standard  deviation a . Then, 
C C 

2Af 
Prob.  (Af < AfCl) = erf c -  t t o T c q )  

Also,  assuming  that  the  starting  time  of  the  communication  time T is  evenly 

distributed  throughtout  the  beat  period Tb, then 
C 
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21Af I TclAfcl 
Prob. (Tc € 2tCl I Afc 2 MCl) = - - n 

BT P 

Therefore, 

21Afnl 
Prob. (Tc 2tcl  lAfc  Afcl) BT (33) 

Substituting  equations (301, (31), and  (33)  into (29) yields 

Using  the  approximation erf(x) = (2/&)x; x<<l, equation  (34)  can  be  written  as 

8 (Afn> I t -  u > 10 KHz Prob.(total  dropout) - < 7 (35) 
B toTutucTc C 

Note  that  if ut < 10 KHz, then  Prob.(Af - < Afn) 1, and 

Prob.(total  dropout) 1. 1 
> 1.0 Hz) . 

C ( 3 6 )  

And for the case  where ot < 10 KHz and uc < 1 Hz, 

2Af 

- BT Prob.(total  dropout) < - 

where  in  the  above, 

f3 is  the  slope of integrated  waveform  in Hz per  second  (16.6 x 10 ),  

n 

6 

Af is the  notch  filter  bandwidth  in Hz (10 KHz), 

u i s  the  rms  deviation  in  clock  oscillators, 

u is the  rms  deviation  in  transmitter  carrier  frequency  oscillators 
C 

t 
T is  the  code  length  in  seconds (1.27), 

t is  the  bit  period  in  seconds , 
0 

(37) 
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2tCl is the  primary  dropout  time  (Af 1. Afn, t €  2t ) due to  differences 
c1 

in clock  frequencies  (2Afn/Bto I Afc I ) ,  and 
T is the  time  of  communications. 
C 

Figure 52 provides  a  plot of the  total  dropout  probability  Sounds  given 

by equation ( 3 4 )  as  a  function of T for  various  values  of u arrd u when  a 

127-bit  code  is  used.  For  Tc > 1, the  bound  as  given  by  equation (35) is 

shown for  the  various  values  of  the  product (U u ) where u > 10 , u > 1 
in  all cases. Also included  is  the  curve  for no clock or transmitter  errors, 

i.e., cs = u = 0 (see Fig. 4 8 ) .  

C t C 

4 
t c   t -   c -  

t C 

4 .  Summary.- A s  shown  in  the  above,  variations  in  clock  oscillators  and 

transmitter  oscillators  can  serve to reduce  considerably  the  probability  of 
total  dropout  in  communications.  In  $act,  the  greater  the  rms  variation  in 

these  oscillators  the  less  the  chance  of loss of  communications  in  an  alarm 
situation.  For  clock  oscillator  stability  on  the  order of 1 part  in lo2 

(rms  error 1 Hz. at 100 KHz clock  oscillator  frequency)  and  transmitter  oscil- 

lator  stability  on  the  order of 2 parts  in l o6  (rms  error 10 KHz. at 5200 MHz. 

transmitter  oscillator  frequency),  the  probability  of  a  10-second  loss of 
communications  is  on  the  order  of 1 x 

Furthermore,  by  varying  the  transmitter  frequency  assignments  over  the 
allowable  range,  and  by  using  different PN codes  at  different  transmitters, 

the  total  dropout  probability  can  be  reduced  even  further. 
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"1 

C o m m u n i c a t i o n s  T i m e ,  Tc,  s e c o n d s  

Fig. 52. The probability of a  loss of communications of duration T due to 
the notch filter in the transponder as a  function of (rrnsy PN code 
clock  variations (a ) and transmitter frequency variations (a  ) .  
The curves are  for  a 127 bit PN code with a period  of 1.27 seconds. 
The  asymptotes shown are calculated from equation (35). 

C T 
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APPENDIX A 

PN Code C h a r a c t e r i s t i c s  

During  the  course of the  program, a l a r g e  number o f   s p e c i f i c  PN codes 

were i n v e s t i g a t e d   t o   d e t e r m i n e   t h e   c h a r a c t e r i s t i c s   o f   i m p o r t a n c e   f o r   s y s t e m  

des ign .   These   cha rac t e r i s t i c s   i nc lude   t he   peak   dev ia t ion   fo r   g iven   s lopes ,  

t h e   d u r a t i o n   t h a t   t h e  waveform  spends  within  the  bandwidth  of the no tch  

f i l t e r ,   t h e   a v e r a g e  number  of z e r o   c r o s s i n g s ,   a n d   t h e   a m p l i t u d e   d i s t r i b u t i o n  

of  t h e   i n t e g r a t e d  code.  Computer  programs were developed   to   de te rmine   these  

and   o the r   cha rac t e r i s t i c s   o f   des i r ed   codes .  

Table  A-1. summar izes   ce r t a in   cha rac t e r i s t i c s   o f  31,  6 3 ,  and 1 2 7  b i t   c o d e s  

f o r  a b i t   p e r i o d  of  10 m s e c  and  an FM s l o p e  of 16.6 MHz/second. S i n c e   t h e  

f requency   devia t ion  i s  a l i n e a r   f u n c t i o n   o f   t h e   p r o d u c t  of b i t   p e r i o d  and 

FM s l o p e ,   t h e   d e v i a t i o n   f i g u r e s  are  e a s i l y  c o n v e r t e d   i n t o   d i f f e r e n t   b i t  

period-FM s lope   products .  

F igure  A-1 p l o t s   t h e  set o f   i n t e g r a t e d   1 2 7   b i t   c o d e s   t h a t  are of i n t e r e s t  

for   sys tem  des ign .   (The   127   b i t   code  ( 7 , 3 )  is g iven   in   F ig .   A- la . )  

F igure  A-2 p l o t s   t h e   a m p l i t u d e   d i s t r i b u t i o n   o f   t h e  1 2 7  l i t  i n t e g r a t e d  PL 

seqxences. Also p l o t t e d  i s  t h e   a m p l i t u d e   d i s t r i b u t i o n  of  t h e   d i f f e r e n c e  

f u n c t i o n   ( i . e .   t h e   a m p l i t u d e  of the   d i f fe rence   be tween  the  PN code  and a time 

s h i f t e d   r e p l i c a  of the  code  averaged  over a l l  t i m e  l a g s ) .  The ampli tudes may 

be conve r t ed   t o   f r equency   dev ia t ions  by mul t ip ly ing   t he   ho r i zon ta l   axes  by 

t h e  6- t  product,  where 4 i s  the  FM s l o p e  and t is the   pe r iod   o f   one   b i t  of 

the  code. 
0 0 

Figure  A-3 p l o t s   t h e   p r o b a b i l i t y  of a dropout of a d u r a t i o n   g r e a t e r   t h a n  

t h e   v a l u e   g i v e n   a l o n g   t h e   h o r i z o n t a l  axes i n  m s e c   f o r  a n o t c h   f i l t e r   w i d t h  of 

10 KHz. The   d ropou t   p robab i l i t y   fo r   t he  ( 7 , 3 )  code i s  a l s o   g i v e n   i n   t h e   t e x t  

i n   F i g .  48. 
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Table A-1. Summary of In t eg ra t ed  PN Code C h a r a c t e r i s t i c s  

B i t  per iod = 1 0  m sec,   Slope = 16.6 MHz/sec,  Notch width = 1 0  KHz 

To t a l  
Code Bits Length Peak  Dev.l Dev. 

Peak Dev.  Avg. no. Maximum Average Avg. % of 

(m s ec )  f e rence   c ros-   in   no tch2  in notch2 i n   n o t c h 2  
of Dif- of zero   dura t ion  duration t o t a l   t i m e  

+ -  (MHz) ( M H ~ )  s ings2  (m sec)  (m s ec )  (%> 

31 

31 

31 

31 

31 

31 

63 

63 

63 

63 

63 

63 

1 2 7  

1 2 7  

310 

310 

310 

310 

310 

310 

630 

630 

630 

630 

630 

630 

1270 

1270 

+.33, "66 

+ .17 ,  -.83 

+.33,  -e83 

+.33, "83 

+.17,-1-00 

+.50, - .66 

+1.00, -.83 

+.17,-1.66 

+.83,  -.83 

+.17,-1.50 

+.83, "83 

+.17,-1-50 

+.83,-1.33 

+1.00,-1.99 

.99 

1.00 

1.16 

1.16 

1 . 1 7  

1.16 

1.83 

1.83 

1.66 

1 . 6 7  

1 . 6 6  

1.67 

2.16 

2.99 

.92 

.92 

1.11 

1.11 

1.09 

1.09 

1 . 7 1  

1 .71 

1.58 

1.58 

1.55 

1.55 

2.07 

2.44 

5.2 

5.2 

5.4 

5.3 

5.5 

5.4 

8.8 

8.9 

9.2 

9.3 

7.5 

7.6 

13.0 

10.7 

.30 

.30 

. 3 0  

.30 

.30 

.30 

.30 

.30 

.30 

.30 

.30 

.30 

60.30 

60.30 

.30 

.30 

.30 

.30 

.30 

.30 

.30 

.30 

.30 

.30 

. 30  

.30 

.46 

.46 

.52 

.52 

.54 

.54 

.54 

.54 

.43 

.43 

.45 

.45 

.37 

.37 

.71 

.65 

1 I n i t i a l   c o n d i t i o n s  = 0 ... 001. 'Averaged over a l l  de lays   except   zero   de lay .  



Table A-1.  Continued. 

~ ---, Peak Dev. Avg. No. Maximum Average Avg. % of 
l U L c l l  

Code Bits Length' Peak Dev. Dev. of D i f -  af ze ro   du ra t ion   du ra t ion   t o t a l  time 
(m sec)  f e r e n c e   c r o s -   i n   n o t c h   i n   n o t c h   i n   n o t c h  

+ -  (MHz) (MHz) s ings  (m sec) (m sec) (X) 

(7 ,4,3,2)   127  1270  +.33, -1.99  2 .32  2 .27 11.0 60.30  .46  .66 

(7,6,5,4,2,1)   127  1270  +.66, -1.66  2 .32  2 .26  11.4  60.30  .46 .67 

( 7 , 5 , 4 , 3 , 2 , 1 )  127  1270  +.83,-1.66  2.49  2.37  14.3  60.30  .46  .74 

(7,6,4,2)   127  1270  +.17, -2.49 2.66 2 . 5 6  13.7 60.30  .46 .72 

(7,l) 127 1270  +1.49,-1.00 2.49 2.38 12.7 60.30 .46  .70 

( 7 , 6 , 3 , 1 )  127 1 2 7 0  +1.16,-1.00 2.16 2.13 11 .4  60.30 .46  .67 

( 7 , 6 , 5 , 2 )  127 1270  +1.16,-1.00 2.16 2.08 10.7 60.30 .46 .66 

I 



'r 

- I  L 

"t 
Fig ,  A-la. 127 b i t  code  (7,3).  Fig.  A-lb. 127 b i t  code  (7,6,5,2).  

'r 

-' 4 t 
Fig.  A-lc. 127 bit code  C7,6,3,1). 

- 7  L 

Fig. A-ld. 127 b i t  code  (7 , l ) .  

Fig.  A-1. I n t eg ra t ed  PN sequence f o r  t he  code as  ind ica t ed .  



I. 

Fig,  A-le. 127 b i t  code C7,5,4,3,2,1). 

Fig. A-lg. 127 b i t  code (7,4,3,2). 

-I1 t 
Fig. A-lf. 127 b i t  code  (7,6,5,4,2,1). 

Fig. A-lh. 127 b i t  code (7,3,2,1). 

Fig. A-1.  Concluded. 
W 
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t 

..I,. 

Fig.  A-2a. 127 b i t  code (7,3). 

I 

Fig.  A-2b. 127 b i t  code (7,6,5,2). 

Fig.  A-2d. 127 b i t  code (7,1)* 

Fig.  A-2. Ampl i tude   d i s t r ibu t ion  of t h e   i n t e g r a t e d  PN sequence   (do t ted   l ines)   and   the   d i f fe rence  
f u n c t i o n   ( s o l i d   l i n e s )  € o r  the  code as  ind ica t ed .  



I 

Fig .  A-2e. 127 b i t  code (7,5,4,3,2,1). 

I 

Fig ,  A-2g. 127 b i t  code (7,4,3,2). 

F i g .  A-2f. 127 b i t  code (7,6,5,4,2,1). 

F i g .  A-2h.  127 b i t  code (7,3,2,1) 

I 

F i g .  A-2 .  Concluded. 



- 1 ’  -: . 00: 1: I - “ .001 

I I I 
I 1 I I 

.DO01 I I 
Duration of  Dropout (1). 40 m m-cs. 50 (0 0 10 20 30 

Fig.  A-3a. 127 bit code (7,3).  Fig.  A-3b. 127 bit code (7,6,5,2). 

Fig.  A-3. Probability of  a  dropout  of duration greater than T for  the code as indicated. Code 
length = 1270 m sece, FM slope = 16.6 MHzlsec., notch  width = 10 KHz. 
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I I 

I t I \ I  , 
I 

.OOOl 

Fig. A-3c. 1 2 7  bit  code (7,6,3,1). 

\ 

,001 

Fig. A-3d. 127 bit code ( 7 , l ) .  

Fig. A-3. Continued. 



.ow1 
10 20 30 40 50 60 10 

ri 
,0001 , I I I I I I 10 Duration of JU Dropout (T). &U I m*Cm 50 60 ,b 

Fig.  A-3e. 127 b i t  code  (7,5,4,3,2,1).   Fig.  A-3f. 127 b i t  code  (7,6,5,4,2,1).  

Fig.  A-3. Continued. 
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t I r- I I I I 1 

Fig .  A-3g. 127  b i t  code ( 7 , 4 , 3 , 2 ) .  

Fig. A-3.  

F ig .  A-3h. 1 2 7  b i t  code ( 7 , 3 , 2 , 1 ) .  

Concluded. 





APPENDIX B 

Calculations  for  System  Simulations 

11.  Calculations 

A. Loss  matrices  and  frequency  matrix 

1. 

where A. = T 

f =  T 

GT - 
GXR - 
Rij 

- 
- 

- - 

2 .  

where XR - - 

f =  R 
GXT - 
GR - 

- 
- 

Transmitter-transponder  loss  matrix  (loss  from i to j) 

r1.83 x -9 x, 2 1  

300 meters 
fT 
transmitted  frequency (MHz) = P(2) 
transmitter  ant.  gain  function 

transponder  receiver  ant.  gain  function 

relative  range (n.mi.). 

Transponder-receiver  loss  matrix  (loss  from j to  i) 

- 300 meters 
fR 
received  frequency (MHz) = P(17) 

transponder  transmitter  ant.  gain  function 

receiver  ant.  gain  function. 
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Table B-1. System  Parameters. 

No. 
1. 
2. 
3. 
4. 
5. 
6.  
7 .  
8. 
9 .  
10. 
11. 
12. 
13. 
14.  
15. 
16. 
1 7 .  
18.  
19 .  
20. 
21. 
22. 
23. 
24. 
25 .  
26. 
27. 
28. 
29. 
30. 
31. 
32. 
33. 

- Parameter 

Transmitted  Power 
Transmitted  Frequency 
FM Slope 
Peak  Deviation 
Code  Length 
Bit  Period 
Transmitter Ant. Peak  Gain 
Clock  Oscillator  Error  Variance 
Transponder  Gain  Constant 
Transponder  Noise  Bandwidth 
Transponder  Noise  Figure 
Notch  Filter 6 db  Bandwidth 
Transponder  Output  Saturation  Level 
Transponder  Receiver  Ant.  Peak  Gain 
Transponder-Transmitter  Ant.  Peak  Gain 
Transmitter-Transponder  Isolation 
Received  Frequency 
Receiver  Noise  Figure 
Receiver 1st IF  Noise  Bandwidth 
Doppler  Filter  Noise  Bandwidth 
Receiver  Ant.  Peak  Gain 
Receiver  Gain  to  Limiter 
Limiter-Disc.  Conversion  Constant 
Range  Conversion  Factor 
Velocity  Conversion  Factor 
Alarm  Threshold  (Time) 
Alarm  Threshold  (Range) 
Alarm  Threshold  (Altitude) 
Velocity  Offset  (Dsicriminator) 
Range  Acceleration  Voltage  Time  Constant 
Velocity  Voltage  Time  Constant 
Acceleration  Constant  u 
Power  Threshold  Variation 

3. Doppler  frequency  matrix 

where  VC = relative  closing  velocity  (knots) 

C = velocity  of  light  (knots) 
ij 

f f  as  defined  above. T’  R 

B. Transponder  outputs 

Units 

dbm 
MHz 

MHzIsec 
MHz 
bits 
msec 
db 
Hz2 
db 
1Mz 
db 
KHz 
dbm 
db 
db 
db 
MHz 
db 
MHz 
KHz 
db 
db 

volts/Mz 
nm/volt 
Kts/volt 
secs 
nm 
tft. 
Kt s 
secs 
secs 

g  units 
db 

1. Received  power  from  transmitter  i  at  transponder j. 
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PT = transmitted  power  (dbm) - P(1). 
2. Transponder  noise  power  referred  to  input 

PXNM = (1.38 x ~ ~ ~ ( 1 0  NFX’10 - 1) (290 x lo9) mw 

PXNMD = 10 loglo  (PXNM) 

BXI = transponder  bandwidth (MHz) = P(10) 

NFX = transponder  noise  figure = P(11). 

3. Total  power  input  to  transponder j 

N 
PXSM = EW~~(PXD. ./IO) + PXNM mw 

j i=l 1 J  

PXSD = 10 loglO(PXSMj)  dbm. 
j 

4 .  Transponder j saturation  factor 

SATF = 1 + PXSM./PSAT 
j J 

PSAT = saturation  power  level  (mw) 

= EDlo[ (P(13) - FX)/10]. 

5. Signal  power  output at transponder j from  transmitter  i 

PSDij = FX + PxDij - 10 loglO(SATF ) 
j 

FX = transponder  gain  constant (db) = P(9). 

6. Transponder  output  noise  power 

POND = FX + 10 loglo  PXNM - 10 loglO(SATF.)  dbm. 
j J 

7. Total  transponder  signal  output  power 

PSTD = 10 loglO(PXSM - PXNM) + FX - 10 loglo(SATFj ) dbm. 
j j 

8 .  Total  transponder  output  power 

PTOD = PXSD. + FX - 10 loglO(SATF.)  dbm. 
j J J 
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C. Receiver o u t p u t s  

1. S i g n a l  power r e c e i v e d  a t  receiver i from  t ransponder  j 

PRSDij = PSD ij + XLRji dbm. 

2. Noise power rece ived  a t  receiver i from a l l  t ransponders  i n  

mw and dbm 

N 
pmwi = 2 E X P ~ ~  [(POND. + XLR. .)/10] mw 

j =1 J J 1  

PRNDi = 10  loglo PRNMi dbm. 

3. Undes i red   s igna l  power rece ived  a t  receiver i i n  mw and dbm 

N N  

j-1 k=l  
P R U M ~  = E X P ~ ~  [(PsD,~ + X L % ~ ) / ~ O ]  mw 

j ,k#i 

PRUDi = 10 loglo PRUMi dbm. 

NFR = receiver n o i s e   f i g u r e   ( d b )  = P(18). 

6. Undes i red   s igna l  power d e n s i t y  a t  output  .of r e c e i v e r  i 1st I F  

r e f e r r e d   t o   i n p u t  

7. I n t e r n a l   n o i s e  power a t  d o p p l e r   f i l t e r   o u t p u t  

PNDl = 10 loglo [(BD) (PHIR) lo3] + KRD dbm 

BD = Doppler f i l t e r  bandwidth (KHz) = P(20) 

KRD = receiver g a i n  to Doppler f i l t e r   o u t p u t  (db) = P(22).  
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8.  Noise  power  at  Doppler  filter  output  due  to  transponders 

P N D ~ ~  = 10 loglo [(BD) (PHIX.)  lo3] + KRD dbm. 
1 

9. Interference  power  at  Doppler  filter  output 

PRNFDi = 10 loglo [(BD) (PHIX. + PHIR) 10'3 + KRD dbm. 
1 

11. Total  noise  and  interference  power  at  Doppler  filter  output 

PPNIi = 10 loglo  FBD)  (PHIR + PHIXi + PHIUi) 10 + KRD  dbm. 
31 

12.  Signal  levels  at  Doppler  filter  output 

PRSDDij = JCRD + PRSDij dbm if  FREKij > - FREKC 
= -200 if  FREKij I - FREKC 

FREKC = Doppler  offset  frequency (KHz) = - p(29) (fT 1- fR) . C 

13. Signal  levels  at  double  differentiator  output  (differentiator 

gain = 5/16 at  Doppler  frequency  of  BD/2) 

= -200 if  FREKij - < -FREKC. 

14. Signal-to-noise plus interference  ratio at d.d. output 

SNIKij = PRSDZij - PPNIi  db. 
15. Signal-to-noise  plus  interference  ratio  at  Doppler  filter  output 

SNIDKij = PRSDDij - PPNIi  db. 
16. Signal-to-noise  plus  interference  ratio of range  voltage  at 

discriminator  output 

Let  SNIILi = largest 1 SNIK. 1 
Ij 

Note:  The  gain  of  the  double  differentiator  is  selected so that  the 
internal  noise  power,  noise  power  due  to  transponders,  interference  power,  and 
total  noise  plus  interference  power  is  the  same  at  the d . d .  output  as  at  the 
Doppler  filter  output. 
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IF SNIILi - > 0 

where 

Then SN12Mi 

SN12Di 

BB 

BD 

D 

C 

B 

I F  SNIlL, < 0 

= 3D (E) Explo 
2 BD {SNIILi/lO1 i n  mw, 

= 10 log10(SN12Mi) db 

= l/to KHz 
= b i t  per iod  (m sec) = P(6) 

= Doppler  bandwidth (KHz) = P(20) 

= D e v i a t i o n   r a t i o  (MHz) 

= ve loc i ty   o f   l i gh t   (nm/sec )  

= F" s l o p e  (MHz/sec) = P(3) .  

then SN12Di 

D. Alarm Logic 

L e t  Rij ,  Vi j  be  the range   and   ve loc i ty   a s soc ia t ed   w i th   t he   s igna l  

PRSDZij determining SNIILi .  The system is i n   a n  alarm s t a t u s   i f :  

S N I l L .  > 3 db 
1 -  

and i f  - V (1/3600) 

where K =  UT^^^/^) (32.2/6080) n.mi. 

- Rij 5 'mk i j  

U = a c c e l e r a t i o n   p r o t e c t i o n  (g u n i t s )  = P(32) 

T = alarm t h r e s h o l d   . ( s e c s )  = P(26) mk 

'ij = c l o s i n g   v e l o c i t y   ( k n o t s ) .  

E. Antenna p a t t e r n s  
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I 

1. Transmi t te r  

GTA(8)  = 20 loglo[l + .316 s i n  1.64181 - .45 s i n  . 5 1 8 0  db 

for 180' " < e < 180' 

2. Transponder receiver 

GXR(B,$ )  = 10 loglo [(l - .01041$1)2  cos2 2.57+] + P(14)  db 

3. Transponder   t ransmi t te r  

G X T ( e , $ )  = G X R ( B , $ )  - P(14) + P(15)  db 

f o r  -90' - < 4 2 90'. 

4 .  Receiver 

G R ( 8 , + )  = G T ( 8 , $ )  - P ( 7 )  + P(21)  db. 

P l o t s   o f   t h e   p a t t e r n   f i t s  are shown i n   F i g s .  B-1 through B-3.  
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Fig. B-1. Receiver azimuth pattern. 

." 

I 

Fig. B-2. Receiver  elevation pattern. 
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I 

Fig. B-3. Transponder  receiver  elevation  pattern. 

111. outputs 

For  the  evaluation of the  severity of the  saturation  and  interference 
problem,  the  main  emphasis  has  been  on  "the  percent of time  that a  certain 

power  level  exceeded a  given  level."  Since  the  simulation  itself  provides  the 
discrimination,  no  added  discrimination  (e.g.,  altitude  difference  discrimina- 

tion)  is  necessary  as  was  used  in  the  Phase I1 Statistical  Analysis  Programs 

(see  Ref. [I]). 
11 Percent  of  time"  histograms  have  therefore  been  calculated  for  the 

following  parameters: 

Noise  plus  interference  power  at  the  transponder  output, 

Total  transponder  output  power, 
Saturation  factor  minus  one, 

The 
The 

The 

level of the  five  largest  signals  at  the  transponder  output, 
level  of  the  five  largest  signal-to-noise  plus  interference  power 

levels  at  the  transponder  output, 
ratio of the  largest  signal  to  the  next  largest  signal  at  the 

transponder  output. 
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The fol lowing  parameters   have  been  measured  for   the receiver, wi th  

power l e v e l s   r e f e r r e d   t o   t h e   o u t p u t   o f   t h e   D o p p l e r   f i l t e r  (or, the   double  

d i f f e r e n t i a t o r ) :  

Undesired  s ignal   power  level ,  

Noise plus i n t e r f e r e n c e  power level, 

The f i v e   l a r g e s t   s i g n a l s   w i t h   f r e q u e n c y   g r e a t e r   t h a n   o f f s e t ,  

The f i v e   l a r g e s t   s i g n a l - t o - n o i s e   p l u s   i n t e r f e r e n c e   p o w e r s   w i t h  

f r equency   g rea t e r   t han   o f f se t ,  

The f i v e   l a r g e s t   s i g n a l s   w h i l e   i n   a n  alarm s t a t u s ,  

The f i v e   l a r g e s t   s i g n a l - t o - n o i s e   p l u s   i n t e r f e r e n c e   r a t i o s   w h i l e  

i n   a n   a l a r m   s t a t u s .  
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APPENDIX C 

REAGTIME SIMULATIONS OF THE PWI SYSTEM I N  
A MULTIPLE  AIRCRAFT ENVIRONMENT 

I. General 

Simulat ions were conducted   dur ing   which   an   in t ruding   a i rc raf t   under  

con t ro l   o f  a "p i lo t "  w a s  flown  through a t r a f f i c   e n v i r o n m e n t   r e p r e s e n t e d  

by the   A t l an ta   da t a   base .  The o b j e c t i v e  of t h i s  series of   s imula t ions  

w a s  t o  show t h e   f e a s i b i l i t y  of real-time s imula t ions   u s ing  t.he A t l a n t a  

d a t a   t a p e s   t o   p r o v i d e  a realist ic environment. The computations were 

performed  on  the LRC CDC 6600 real-time s imula t ion   console .  

F igure  C-1 shows a b lock   d iagram  represent ing   the   major   fea tures  of 

t he   s imu la t ion .   Ma jo r   i npu t s   i nc luded   t he   A t l an ta   r ada r   t r a f f i c   t ape ,  

t h e  set  of  system  parameters  and  antenna  patterns,  the  dynamic  charac- 

teristics of t h e   i n t r u d e r  a i r c ra f t ,  and a set  of   computer   instruct ions.  

The p i l o t  commands were provided by  means of a small c o n t r o l   s t i c k   a n d  

p o t e n t i o m e t e r s   o n   t h e   d i s p l a y   c o n s o l e   t o   s i m u l a t e   t h r o t t l e  commands. 

Ou tpu t   d i sp l ays   i nc luded   s imula t ed   i n s t rumen t s   fo r   i n t rude r   head ing ,  

a l t i t u d e ,   a t t i t u d e ,   a n d  a d i s p l a y  which ind ica t ed  a b l i p  on t h e   o s c i l -  

loscope   represent ing   the   pos i t ion   o f   the   mos t   hazardous   t a rge t   in   the  

in t rude r   coo rd ina te   sys t em.  

A c o n t r o l l e r   d i s p l a y  was s imula ted   us ing  a conven t iona l   o sc i l l o -  

s c o p e   t o   d i s p l a y   t h e   A t l a n t a   t r a f f i c   a n d   t h e   i n t r u d i n g   a i r c r a f t   p o s i t i o n s .  

The PWI outputs  were c a l c u l a t e d  a t  t h e   i n t r u d i n g   a i r c r a f t  and  placed on 

s t r i p   c h a r t   r e c o r d e r s   t o   r e c o r d   v a l u e s  of r e l a t i v e   r a n g e ,   c l o s i n g   v e l o c i t y ,  

p r o j e c t e d  miss d i s t a n c e ,  alarm s t a t u s ,   a n d  power l e v e l s  a t  t h e   i n t r u d i n g  

a i r c r a f t   r e c e i v e r .   S p e c i f i c   c a l c u l a t i o n s   u s e d   f o r   t h e   s i m u l a t i o n  are 

g iven   in   Appendix  D. 

11 Resu l t s  

The s imula t ion  w a s  found   t o   be   f eas ib l e   and  w e l l  w i t h i n   t h e   c a p a b i l i t i e s  

of   the LRC computers. A problem w a s  encountered  with  program  s torage,  

however, t h i s  w a s  due t o   t h e   n e c e s s i t y   o f   s t o r i n g   t h e   A t l a n t a   t r a f f i c   d a t a  

p r i o r   t o   u s e .  Thus, i t  w a s  on ly   poss ib l e   t o   s to re   app rox ima te ly  10 minutes 
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PARAMETERS INSTRUCTIONS COMMANDS 

COORDINATES PARAMETER  MATRIX START  TIME  STICK  COMMANDS 
COORDINATE ANT. PATTERNS INITIAL  COND.  THROTTLE  COMMANDS 
RATES INTRUDER  DYNAMIC STOP  TIME 
A/C I.D. CHARACTERISTICS THRESHOLDS 

A/C  CHARACTERISTICS 

ORIENTATION 

PITCH, ROLL, 
YAW  ANGLES 
VZLOCITY  VECTOR + 

CALCULATE  CALCULATE 
GEOMETRICAL  INTRUDER 
RELATIONSHIPS L 1 COORDINATES 

I 
RELATIVE AZ MATRIX 
RELATIVE  EL  MATRIX 
RELATIVE  RANGE  MATRIX 
CLOSING  VELOCITY  MATRIX 
GEO.  WARNING  CRITERIA 

XI’ YI’ ZI, 

LOSSES 

LOSS  MATRICES 

OUTPUTS ATTITUDE 

I 
XPONDER SIG.  POWER  MATRIX TARGET* EL 

T COORDINATES 
RECEIVER 

ALARM  STATUS 
RANGE  VOLTAGE 

X,Y  COOR.  OF 

SEQUENCE DISPLAY IN PROPER 
SEQUENCE 

RANGE  RATE  VOLTAGE 
MOD. TAU  VOLTAGE 
ALT.  DIFF.  VOLTAGE 
SIGNAL-TO-NOISE  RATIO 

PWI* * DISPLAY 

I 
I 

ALARM  LIGHT 
RANGE 
CLOSING  VELOCITY 
MISS DISTANCE 

*Analog  Equipment 

Fig. C-1. PWI real-time simulation block diagram. 
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o f   t h e   A t l a n t a   t r a f f i c   d a t a   a n d   t h i s   1 0   m i n u t e s   o f   d a t a   s t o r a g e   r e q u i r e d  

approximately 20,000 words  of memory. This   s torage  problem was la te r  

overcome  by the  systems  programmers a t  LRC by  the  development  of  system 

r o u t i n e s  t o  r e a d   d a t a   t a p e s  i n  rea l  t i m e .  

Another  problem  area  noted was t h a t   o f   d i s p l a y i n g   t h e   A t l a n t a  

t r a f f i c   d a t a   o n   t h e  CRT i n  real  time. The CRT update  is a func t ion   o f  

t h e  amount  of  information  displayed,  hence,  i t  i s  somewhat d i f f i c u l t   t o  

g e t  a cont inuous-appearing  display  with  large  amounts   of   information.  

T h i s   d i s p l a y   l i m i t a t i o n  i s  i n h e r e n t  i a  t h e   p r e s e n t  CRT c o n t r o l   u n i t s ,  

b u t  i s  no t  a l a r g e   e f f e c t .   T h a t  i s ,  the   update  rates wi th   reasonable  

amounts  of  information are s u c h   t h a t  a real-time appearance i s  achieved. 

Examples of t he   ou tpu t  of t he   r ea l - t ime   s imula t ions  are shown i n  

Figs .  C-2 through C-4. Figure C-2 shows t h e   s i m u l a t e d   c o n t r o l l e r   r a d a r  

d i s p l a y   ( o n   a n   o s c i l l o s c o p e )   a t   s c a n  300 of Hour 11 of   t he   A t l an ta  

da ta   base .   In   th i s   photograph ,   the   t e rmina l  is  a t  t h e   c e n t e r   o f   t h e  

p i c t u r e  a t  t h e   l o c a t i o n  of t h e   b r i g h t   d o t .  The loca t ion   o f   t he  

i n t r u d e r   a i r c r a f t   u n d e r   " p i l o t "   c o n t r o l  is shown by t h e   a r r o w   i n   t h e  

photograph.  Figure C-3 shows t h e   t r a c k s   o f   t h e   a i r c r a f t  a f t e r  a 

period  of time h a s   e l a p s e d   s u c h   t h a t   t h e   i n t r u d e r   a n d   a n   a i r c r a f t  

coming i n  from  th2  North are i n  an   encounter   (a la rm)   s i tua t ion .  

Figure C-4 shows t h e  s t r i p  cha r t   r eco rd ings   fo r   t he   encoun te r  

s i t u a t i o n  shown in   the   photograph   (F ig .  C - 3 ) .  This  encounter i s  a 

near  head-on s i t u a t i o n   w i t h   a n   a p p r o x i m a t e   a l t i t u d e   s e p a r a t i o n  of 

1000 f t .   A l t i t u d e   d i s c r i m i n a t i o n  was no t   u sed   i n   t he   s imu la t ion ,   hence  

t h e  s t r i p  c h a r t   r e c o r d i n g   i n d i c a t e s   t h a t   a n  alarm was r e c e i v e d   a t  a 

range  of  approximately 5 . 3  miles f r o m   t h e   t a r g e t   i n   t h e   d a t a   b a s e .  A t  

t h i s  t i m e ,  t h e   v a l u e  of modi f ied   t au  as r e a d   o f f   t h e   s t r i p   c h a r t  was 

32 seconds.  The c l o s i n g   v e l o c i t y  i s  r e l a t i v e l y   c o n s t a n t  a t  365 knots.  

The mis s -d i s t ance   vo l t age   has   l a rge   va r i a t ions   wh ich  are 

pr imar i ly   due   to   the   four -second  update  ra te  i n   t h e   A t l a n t a   t r a f f i c  

da t a .   S ince   t he   mi s s -d i s t ance   ca l cu la t ion  is based on the  second 

d e r i v a t i v e   o f   r e l a t i v e   r a n g e ,  i t  i s  expec ted   to   be  somewhat noisy i n  

ac tua l   p rac t ice ,   however ,   the   excurs ions  shown o n   t h e   s t r i p   c h a r t  

r eco rde r   shou ld   be   a t t r i bu ted   t o   t he   compute r   upda t ing   t echn iques   r a the r  

t h a n   t o   s y s t e m   c h a r a c t e r i s t i c s .  
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Fig. C-2. S i m u l a t e d   c o n t r o l l e r   r a d a r   d i s p l a y   ( o n  an o s c i l l o s c o p e )  
a t  scan  300 of  Hour 11 of   t he   A t l an ta   da t a   base .  

Fig.  C-3. A i r c r a f t   t r a c k s  on o s c i l l o s c o p e   d i s p l a y .  The i n t r u d e r  
a i r c r a f t   t r a c k  is i n d i c a t e d  by the  arrow.  
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F i g .  C - 4 .  S t r i p   c h a r t   r e c o r d i n g  of v a r i o u s  receiver p a r a m e t e r s  
f rom  the  real-time computer   s imula t ion .  





APPENDIX D 
REAL-TIME  SIMULATION  CALCULATIONS 

I. General  

Fo r   t he  real-time s imula t ion   s tud ies ,   no   supplementary   ana log  

computing  equipment  was  used. A l l  i n p u t s  were provided a t  t h e   o p e r a t o r  

console .  

The o b j e c t i v e   o f   t h i s   s i m u l a t i o n  w a s  t o  show t h e   f e a s i b i l i t y  of 

real-time s i m u l a t i o n s   u s i n g   t h e   A t l a n t a   d a t a   t a p e s .   A l s o ,   t h e   f e a s i b i l i t y  

of us ing  a c o n v e n t i o n a l   o s c i l l o s c o p e  as a r a d a r   d i s p l a y  w i l l  be   demonstrated.  

I f   d e s i r a b l e ,   t h e   s i m u l a t i o n   c o u l d  l a te r  be  expanded  by  adding a c o c k p i t  

and a d d i t i o n a l   a i r c r a f t  dynamic  equations. 

A f low  char t  of t h e  real-time program i s  g i v e n   i n   F i g .  D-1. 

11. Inputs   to   the   Program 

1. At lan ta   da ta   t ape   (approximate ly  10 minutes of d a t a )  

A. X ,  Y ,  2 coord ina te s   (nau t i ca l   mi l e s )  

B. Scan  number, t r a c k  number 

C. X and Y v e l o c i t y  components  (nautical  miles per   second)  

These  velocity  components w i l l  b e  computed  from t h e  

coord ina te   da t a  i f  memory c a p a c i t y  becomes a problem. 

2 .  System  parameters. 

The system  parameter   values  are g iven   in   Table  1, page 19. 

3 .  I n s t r u c t i o n s  and i n i t i a l   c o n d i t i o n s   ( t h e s e  w i l l  b e   e n t e r e d  on t h e  

d isp lay   console   keyboard)  

A. I n t r u d e r   i n i t i a l   p o s i t i o n  Xo, Yo, 
zO 

A l t i t u d e  w i l l  b e   i n  fee t  whereas   the  coordinates  are i n  n a u t i c a l  

miles. 

B. I n t r u d e r   i n i t i a l   h e a d i n g   ( d e g r e e s )  

C.  The s t a r t i n g   s c a n  number 

D. The f i n a l   s c a n  number 

4 .  I n p u t   v a r i a b l e s  (on d i sp lay   pane l   po ten t iome te r s )  

A. A i rc ra f t   bank   ang le ,  4 (degrees)  

B. Rate   o f   c l imbldescent   ( f t .   / see . )  
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Fig. D-1. Computer flow chart of real-time  simulation  program. 
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Fig. D-1. Concluded. 
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C. Aircraft v e l o c i t y   ( k n o t s )  

D. M o d i f i e d   t a u   t h r e s h o l d   v a r i a t i o n  (2 db) 

111. Program  Outputs 

1. X, Y ,  a n d   i n t e n s i t y   p u l s e s   t o   t r a f f i c   d i s p l a y   o s c i l l o s c o p e  

2. I n t r u d e r  X and Y c o o r d i n a t e s   t o  X, Y p l o t t e r  

3. T a r g e t   i n   i n t r u d e r   c o o r d i n a t e s   o n   o s c i l l o s c o p e  

4 .  O u t p u t s   t o   s t r i p   c h a r t   r e c o r d e r s  

A.  L a r g e s t   s i g n a l  of i n t r u d e r   r e c e i v e r  

B. Range t o   t a r g e t   p r o v i d i n g   l a r g e s t   s i g n a l  

C. Frequency of t h e   l a r g e s t   s i g n a l  

D. Ca lzu la t ed   va lue  o f   m o d i f i e d   t a u   f o r   t a r g e t   p r o v i d i n g   l a r g e s t  

s i g n a l  

E. P r o j e c t e d   m i s s - d i s t a n c e   t o   t a r g e t   w i t h   l a r g e s t   s i g n a l  

F. Alarm s t a t u s  of receiver 

5. I n t r u d e r   r o l l   a n g l e  on v o l t  meter 

6 .  A l a r m  l i g h t  - r e d   l i g h t s  on console  

7. I n t r u d e r   a l t i t u d e  

8. A l t i t u d e   d i f f e r e n t i a l   b e t w e e n   i n t r u d e r   a n d   t a r g e t   w i t h   l a r g e s t  

s i g n a l  

9. In t rude r   head ing  

10. I n t r u d e r  - t a r g e t   d i f f e r e n t i a l  

I V .  C a l c u l a t i o n s  

1. In t rude r   pa th   ( ca l cu la t ed   each   f r ame  time, o r   eve ry  1 / 6 4  second) 

A. In t ruder   heading  a t  ith time increment 

Qi = (At) g/V s i n  @ + $i-l (deg 1 (D-1) 

where 

A t  = ca lcu la t ion   i nc remen t   ( s ecs )  
2 g = 3 2 . 2  f t . / s e c .  

v = a i r c r a f t   v e l o c i t y   i n   f t . / s e c .   ( i n p u t  f rom  pot . )  

@ = r o l l   a n g l e   i n   d e g r e e s   ( i n p u t   f r o m   p o t . )  

Qo = i n i t i a l   head ing   ang le   i n   deg rees   ( i npu t   f rom  keyboard )  
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b. I n t r u d e r   c o o r d i n a t e   v e l o c i t i e s  

VX. = V s i n  Qi (Kts) 

i ( K t s  1 
1 

mi = v cos JI 

VZi = (RC) ( f t . / s e c . )  

where V = a i r c r a f t   v e l o c i t y  i n  K t s  

RC = rate of  climb (+) or   descen t  (-) ( input   f rom  pot . ) .  

c .   In t ruder   coord ina tes  

xi 

'i 

'i 

= (At) V s i n  $i + Xi-l (n.mi. ) 

= (At) V cos  Jli + Yi-l (n.mi.) 

= (At) (RC) + Zi-l ( f t .  1 

where v = ve loc i ty   i n   n .mi . / s ec .  

2 .  Geometry 

a. For e a c h   a i r c r a f t  j w i t h   r e s p e c t   t o   i n t r u d e r  i i n   t h e   s c a n ,  

the   fo l lowing  are ca l cu la t ed :  

(1 )   r e l a t ive   az imuth  AZ and AZji 

( 2 )  r e l a t i v e   e l e v a t i o n  EL ij  and ELji 

(3)  re la t ive  range R 

( 4 )   r e l a t i v e   c l o s i n g   v e l o c i t y  VC 

i j  

i j  

i j  

3. I n t r u d e r  receiver ou tpu t s  

a. Power ou tpu t s  

i f  FREK + FREKC > 0 
i j  

where: = -200 i f  FREKij f FREKC - < 0 

I" . " 
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C = v e l o c i t y  of l i g h t ,   k n o t s  

PRSDDij 

= c l o s i n g   v e l o c i t y ,  knots 

= P(22) + XLR + P (9) + P(1)  + XLij. 
vcij 

j i  

XL = 10  loglo iiy -9 AT 2 
i j  

where 

AT = - 300 meters 
f m  

f T  = t ransmi t ted   f requency  (MHz) = P(2) 

GT = t r a n s m i t t e r   a n t .   g a i n   f u n c t i o n  

GXR = t ransponder  receiver a n t .   g a i n   f u n c t i o n  

R = re la t ive   range   (n .mi .1  
i j  

XLR = 10  loglo 
ji 

1.83 x 10 A, -9 2 

n 

where 

'R f R  
= -  300 meters 

f R  = received  f requency (MHz) = P (17) 

GXT = t r a n s p o n d e r   t r a n s m i t t e r   a n t .   g a i n   f u n c t i o n  

GR = r e c e i v e r   a n t .   g a i n   f u n c t i o n  

*The P(*) a r r a y  is given in Table B-1. 
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b. Antenna  Patterns 

Note that in the following,  the ij subscripts  are omitted. 

1. Transmitter 

GTA(0) = 20 loglo[l + .316 s i n  1.64101 - .45 sin . 5 1 e l ]  db (D-8) 

for 180" '< 0 5 180" 

f o r  -90" 5 9 -3" , * 3" 5 I$ 90" 

2.  Transponder  Receiver 

G X R  ( e , + )  = 10 loglo[ (1 - .01041+ I > *  cos2  2.5741 + P(14) db (D-11) 

for -90" $I 5 90" 

3 .  Transponder  Transmitter 

GXT(8,+) = GXR(0,4) - P(14) + P(15)  db 

f o r  -90" 5 + 5 90" 

(D-12) 

(D-13) 
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c. Alarm l o g i c  

An alarm may b e   s e n s e d   i n  two d i f f e r e n t  ways: 1) a power 

level th re sho ld  (PT) may b e   u s e d   t o   p r o v i d e   a n  alarm, and 

2) an  alarm c r i t e r i o n  may be   ca lcu la ted   f rom  the   measured  

r ange   and   ve loc i ty .   Fo r   t h i s  la t ter  measurement t o   b e  

p o s s i b l e ,   t h e   s i g n a l - t o - n o i s e   r a t i o  of the  measurements 

must   be   g rea te r   than  a th re sho ld   va lue .  

1. The va r ious   t h re sho ld   va lues  are: 

(1) Power Threshold 

PT = P (1) + P (9)  + P(22) + XLX + XLRX + 40 logl0(2 (FREKC) /BD) (D-14) 

- 10 loglo(16/5) + (mod i f i ed   t au   t h re sho ld   va r i a t ion )  

where 

SNRt = 5 + 5 log  10 (P (20) P ( 6 ) ) .  

(3) Modif ied   t au   th reshold  

U = P(32) .  

(2) Signal-fo-noise   threshold 

(D-15) 

T = P(26) .  rnk 
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2. The  parameters  that  are  compared  with  the  threshold  values 

are 

(1) Power  level 

P1 = largest  (PRSD2. .)  dbm. 
=J 

(D-17) 

(2) Signal-to-noise  (real-time  simulation  only! 

SNR = largest  (PRSDZ..) - PPRT (D-18) 
1J 

where  PPRT = 10 loglo [(BD)  (PIIIR)) + 8.0 4- p(22) 

PHIR = 1.38 X lo'23(10NFR'10 - 1) (290 X 10 3 ) 

NFR = P(18). 

(3) Modified  tau 

Ri. - K 

"ij 
T =  (3600)  (secs) m (D-19) 

where  Rij ; Vij = range  and  closing  velocity  associated  with 
largest  signal in n.mi.  and  Kts. 

n 
L 

'"mk 32.2 
2 6080 

K = -  - (n.mi.) 

U = P(32) (g units) 

T = P(26) mk (secs). 

The  alarm  status  code  is  indicated  in  Fig.  D-2. 

4. Receiver  voltage  outputs  (all  outputs  use  geometrical  values 

associated  with  largest  signal) 

a. Range  voltage 

Vi = KIRij  (D-20) 

K~ = constant  scale  factor  (volts/n.mi.> 

b. Range  rate  voltage 
V2 = K2VCIJ 

K2 = scale  factor  (volts/Kt) 

(D-21) 
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T!3 
SNR SNRt 

1 
b 

YES NO 

IS is  
T < T  m mk T < T  m mk 

? ? 

NO YES PES NO 

L 

I I 
LS 

NO YES 

? ? ? 
P1 > PT P1  PT P1 > PT E 1  > PT 

IS Is IS 

7°F 4 0  1 6 2  V v i -  3 0  5 1  

? 

Alarm  Status  Designation 

P1 = power  output  of  the  double  differentiator 

mk 
T = calculated  value of modified  tau m 

T = modified  tau  threshold, P (26) 

SNR = signal-to-noise  ratio  at  double  differentiator  output 

PT = power  level  threshold. 

Fig. D-2. Alarm  status  code  logic. 

smoothed voltage (output) 

v2s n + L V  2s n + = [ V n - v p s  rV 2 "1 
where 

(AT) = time  increment  (secs) 

(D-22) 

T~ = velocity  voltage  time  constant = P(31) 
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c. Miss d i s t a n c e   v o l t a g e  

Vm - Kmd (D-23) 
where 

Km = scale factor (volts/nm) 

d = miss d i s t a n c e  (nm) 

vcn+l - vcn A =  range acceleration (nm/sec ) 2 
ij (At) 

I F  Aij < 0 set d = O  

vcij = c los ing   ve loc i ty   (n .mi . / sec . )  

Rij 
= re la t ive   range   (n .mi . )  

(At) = ca lcu la t ion   increment .  

Smoothed miss d i s t a n c e   v o l t a g e   ( o u t p u t )  

V ms * + l = v  m s  n +-p* (At) T n - v  ms "1 v o l t s .  
a 

T = P(30) a 

d. A l a r m  s t a t u s   v o l t a g e  

Va = . 1 x ( s t a tus   code ) .  

5. Display  Outputs  

a. x,Y c o o r d i n a t e s  are o r d e r e d   i n   e a c h   s c a n  i n  accordance  with 

(D-24) 

(D-25) 

(D-26) 
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where w = scan  rate (rad. /set.) 
Ti = output  time  increment  after  start  of  scan. 

X voltage, Y voltage, and intensity  voltage is output  on DACs 

every  other  frame. 

Vxi - - Kx Xi 

V = K  Y yi y i 

VI = KZ (constant) 

where K and K are  scale  factors. 
X Y 

In  alternate  frames,  all  voltages  are  set = zero. 

6 .  Input/output  scale  factors 

Voltage  Scale  Factor 

Variable Max. Value (100 Volts/Unit)  (Volts/Unit) 

x9 Y 
z 
d 

+ 40 n.mi. .0025 - 
10,000 ft. . 0001 
5 n.mi. .2 

Rij 
ki 1000 kts .001 

x (heading) 360' .0025 

10 n.mi. .1 

T m 50 sec. .02 

freq. 10 M z  .1 
- + 50' .02 

V (velocity) 333 kts .003 

Rate  of 
climbldescent 25 fps 

Mod  tau 
threshold - + 20 db 

.04 

.05 

2.5 

. 01 
20 

10 

.1 

.25 

2 

10 
2 

. 3  

4 

5 

(D-27) 
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APPENDIX E 
d 

Extended  Aircraft  Density  Model 

I. General 

This  appendix  describes  the  logic  which  develops  simulated  terminal  area 

environments  used  in  saturation  studies  of  the PWI system.  Output  of  the 
routine  described  in  this  appendix  consists  of  positional  information  (x,y,z) 

and  velocity  information  (vx  ,v ) for  each  of N aircraft.  Statistics  valid 
for  pairs  of  aircraft  in  a  terminal  area  environment  have  been  used  to  position 

N-1 aircraft  relative  to an "ownship"  at  (x=O, y=O, z=O) with  velocity  (vx=O, 

v =0, v,=O). This  information  is  then  provided  as  input  to  the  saturation 

studies  program. 

sVy z 

Y 

In  generating  the  positional  and  velocity  information,  a  pseudo-random 
number  generator is used  with  a  set  of  probability  density  functions.  For 

each of the N-1 aircraft,  a  value  of  relative  range R from  the  "ownship" is 

chosen  randomly.  Given R, a  value  of  closing  velocity  is  selected.  Sub- 
sequently,  a  value 8 is  picked,  conditioned  on  the  selected  value of k. 
Once 8 and k are  determined,  one  of  two  possible  values  of  heading a is 

randomly  assigned. A coordinate  transformation  provides  the  output 

,vZ), where (v' + v + ~ 2 ) ~ ' ~  is  assumed  constant  for  all N (X,Y,Z,VX,VY 2 
X Y  

aircraft. 
Figure E-1 provides  a  flow  chart  of  the  logic  used  to  provide  this 

output.  The  variables  included  in  the  flow  chart  are  defined  as  follows: 

ALPHA(k) = vector  of  headings  for  each  aircraft, 1 < K < N - 1 
CLOSV(k) = vector  of  ordered  closing  velocities, 1 < K < N - 1 

" 

" 

N = number  of  aircraft in the  terminal  area 

RELR(k) = vector  of  ordered  relative  velocities, 1 K < N - 1 
RR(1) = vector  of 41 ordered  relative  ranges  where RR(1) = 

- 

0.5 n.mi., RR(41) = 55.0 n.mi. 
RX(1) = vector  of  probability  weights  representing  discretized 

marginal  probability  density f (R) 
THETA(k) = vector of azimuths  from  ownship, 12 K 2 N - 1 
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I Rx(1) = FU(I)+Rx(I-l) 

1 

VCX(I,J)=VCX(I,J)+VCX(I,J-~) 

RANDOM NUMBER GEN. 
XNRl, XNRP 

GENERATE RANDOM NUMBLRS 
X N K l  AND XNR2 

Fig. E-1. Flow chart for generation of extended  density data. 
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F-l CLOSV(K) = V C ( J )  

u GENERATE XNR 

I 

Yes Yes n < TH1 < 2n 

THETA(K) = 2.O*:[NR*TH 

c 
TH = ARCCOS 

n ( T H ( 2 n  
(CLOSVW VEL - 

THETA(K) = ((2.0*XNR) - 1.0)* 
*(2 - TH) + TH 

Fig.  E-1 . C o n t i n u e d  . 
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BETA = THETA(K) 

Al = BETA - ARCCOS 

-T < A1 2 n 

A2 * BETA - ARCCOS 
- 

-2a < A2 < 0 

I 
ALPHA(K) = A 1  

ALPHA(K) = 2n + A 1  

I I 
f 

- n < A l < n  
" 

-2a 2 A2 .L 0 

ALPHA(K) = 2n  - A 1  ALPHA(K) = 
ABS (A2) 

f + 
X(K + 1) = RELR(K) * SIN(THETA(K))  
Y(K + 1) = RELR(K) * COS(THETA(K)) 
Z(K + 1) = CONST. 

VX(K + 1) = VEL * SIN(ALPHA(K)) 
W ( K  + 1) = VEL * COS (ALPHA(10) 
VZ(K + 1) = 0.0 

-" 

X ( 1 )  = 0.0, Y ( 1 )  = 0.0, Z ( 1 )  = CONST.;  VX(1) = O . ,  VY(1)  = VEL, V Z ( 1 )  = 0. 

OUTPUT 
RR(1) RELR(K) 
VC (J) CLOSV (K) 

THETA(K) 
ALPHA (K) 

F ig .  E-1. C o n c l u d e d .  

1 2 2  



V C ( J )  = vector  of 50 ordered  closing  velocities  where VC(1) = 

-490 knots  and V C ( 5 0 )  = +490 knots 
V C X ( 1 , J )  = vector  of  probability  weights  representing  discretized 

conditional  probability  density  f (kIR) 
VX(L)  = X direction  velocity  of  aircraft, 1 < L < N 

VY(L)  = Y direction  velocity  of  aircraft, 1 < L < N 
V Z ( L )  = Z direction  velocity  of  aircraft, 1 < L < N 

" 

" 

" 

X ( L )  = X coordinate  of  aircraft, 1 < L < N 

Y (L) = Y coordinate of aircraft, 1 < L < N 

Z ( L )  = Z coordinate  of  aircraft, 1 L I, N 

" 

" 

11. Probability  Functions  Relevant to the  Data  Base  Extension 

This  model  makes  use  of  three  probability  density  functions.  The 

functions f(R), density of relative  ranges  between  pairs  of  aircraft,  and 

f (iIR) , density of closing  velocity  between  pairs  of  aircraft  conditioned 
on  relative  range  between  aircraft  pairs,  are  taken  from  an  heuristically 

determined  joint  density f (kIR). Under  the  assumption  that  all  aircraft  are 

flying  at  a  constant  velocity,  a  density  function f ( e l i ) ,  where 0 is  bearing 

angle  from  one  aircraft  to  the  other  of  the  pair,  has  been  analytically 

determined.  Given  a  closing  velocity k and a bearing  angle 8, the  heading 
,. of  the  second  aircraft  relative  to  the  first  in a  given  aircraft  pair  can 

have  at most two  possible  values.  The  following  paragraphs  describe the 
statistics  used  in  the  simulation  model. 

Using  procedures  developed  in  analyzing  the  data  which  have  been  pre- 
sented  in  the  Phase I report [Ref. 31,  the  joint  probability  density  function 

of  relative  range  and  closing  velocity  between  randomly  selected  pairs  of 
aircraft f (R,R) has  been  obtained. A normalized  version  of  this  density 

function,  where 

ss f (R,k)  dRdk = 1' 
R K  

is  determined.  This  joint  density  f(R,i)  can  then  be  factored  into  the 

marginal  density f (R)  and  the  conditional  density f (RIR) according  to  Bayes 
theorem. 

Under  the  constraint  that  all  aircraft  are  at  constant  velocity V with 
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constant altitude A, there  are only certain  values that azimuth from ownship 

to  any aircraft , 8, can assume. This is illustrated in Fig. E-2. Note that 

in Fig. E-2b, for any given value of 8, < i < imax. For i - > 0, 0 < 8 e2  
or 8 < 8 < 360 where e 2  and e 3  are determined from the (8) curve. Note 

Rmin - - 
3 -  - max 

Y 

Rmin(e )  - v COS e - v 
=  COS e - 1) 

i 

Allowable  values of i ,  e 
under constant velocity 

\ constraints 

(b ) 
Fig. E-2. Relationship between range rate and azimuth under  constant 

velocity constraint. 
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that - - 180' for - -2V. It is assumed  that  conditional  to a particu- 

lar  value  of k the  probability  density  function of 8 is evenly  distributed 
over  the  range of possible  values. 

and  is  plotted  in  Fig. E-3. 

For each  set of values (k,e) there  are  two  possible  values  that  the  head- 
ing  angle a can  assume.  Consider  Fig. E-4 for 0<0<180 . It can  be  seen  that 0 

" 

k = . ~  + i 2  or = i - ~ c o s 0  1 2 

under  the  constant  velocity  constraint. Also from Fig. E-4, 

k2 = V cos B where B = 0 + (180° - a) = 180' - (a - 6 )  

o r  

Then, 
a = e + cos-'  {cos 0 - $} . 

Equation  (E-2)  has  two  solutions, a = a or a = a 1 2' 
Similarly,  for TI < 8 <  TI from Fig. E-5, where 8'  = 2n - 0 ,  

" 

and 

and 

k = k  + A  or i = i t - ~ c o s e '  1 2  2 

i = V COS ( e '  + (180° - a')) 2 

Equation (E-3) has  two  solutions  also: 



Fig. E-3. Conditional  probability of observing  an  azimuth  angle  within the 
ranges shown. 
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Fig. E-5. Relationship  between  closing  velocity,  i ,  azimuth, 8, and  heading, 
a, f o r  IT 9 5 28. 

90 a1 180 a2 270 360 

Fig. E-6. Condit ional   probabi l i ty  of heading  angle, a. 
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a = [360° - a i ]  , [360° - a i ] .  

Thus, each of the two values f o r  a f o r  a given  pair ( R y e )  will be considered 

equally  l ikely,  such  that 

1 1 - &(a  - al) + z & ( a  - 

- &(a - ( Z I T  - a , ) )  + +a - (2n  - a , ) ) ;  B < e < 2n 1 1  1 1 
2 

2 a 2 )  ; o y 3 y r  
f ( a l i i , e >  = 

where f ( a  e) i s  shown i n  Fig. E-6. 
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APPENDIX F 

Two-Dimensional P r o b a b i l i t y   D i s t r i b u t i o n s   f r o m   t h e  

A t l a n t a  Data Base 

I. Two-Dimensional D i s t r i b u t i o n s  of t he   Pe rcen t   o f  Time i n  

an  Encounter Status 

For   the  approximate  determinat ion  of   the  percent   of  time i n   a n  

e n c o u n t e r   s t a t u s   f o r  an a r b i t r a r y   p r o t e c t i o n   r e g i o n   ( s u c h  as a range- 

t a u   s y s t e m )   i n   t h e  R, d plane ,   the   two-dimens iona l   d i s t r ibu t ion   of  

Fig.  F-1 has   been   ca lcu la ted .  The f i g u r e   i n d i c a t e s   t h e   d i s t r i b u t i o n  

of  measurements  of  range  and  range rate t o   t h e   c l o s e s t   c l o s i n g  aircraft 

f r o m   a n   a r b i t r a r y   a i r c r a f t  I, f o r  a l l  I, a n d   f o r  Hour 11 data. Thus, 

t he   h i s tog ram  da t a ,  when d iv ided  by t h e   t o t a l   c o u n t ,   r e p r e s e n t s   a n  

estimate o f   t h e   c o n d i t i o n a l   p r o b a b i l i t y  

where k = 0,1,2, . . . ,11, R is  t h e  relative range  measurement,  and R 

i s  t h e   c l o s i n g   v e l o c i t y  measurement t o   t h e   c l o s e s t   c l o s i n g  aircraft. 

For   es t imat ion  of an   encoun te r   p robab i l i t y ,  an approximate  integra-  

t i on   can   be   pe r fo rmed   ove r   t he   p ro t ec t ion   r eg ion   de f ined  by the   sys tem 

warning  logic .   For   example,   for  a sys tem  opera t ing  on t h e   t h r e s h o l d  

R 2 n.mi. and > 0, w e  wou ld   no t   expec t   t he   f r ac t ion   o f   f l y ing  time 

i n   a n  alarm s t a t u s   t o   e x c e e d  1.9 percent   under  Hour 11 condi t ions .  

This  number is t h e  sum of t h e  columns t o   t h e   l e f t  of the R = 2 n.mi. 

l i n e ,   c o n v e r t e d   i n t o  a percentage  (see Fig.  F-2). 

Note  that  no o the r   d i sc r imina t ion   has   been   u sed   i n   ob ta in ing   t he  

data. 

11. Probabi l i ty   Densi ty   Funct ions  of  Relative Range and  Closing 

Veloc i ty  Between P a i r s  of A i r c r a f t .  

A s  d i s c u s s e d   i n   S e c t i o n  V.D., t h e   A t l a n t a   d a t a   b a s e  was extended 

u s i n g   t h e   t e c h n i q u e s   o u t l i n e d   i n   t h a t   s e c t i o n .  The p r o b a b i l i t y   d e n s i t y  
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Total Counts 
12.282 

Fig.  F-1. Two-dimensional distribution of counts of encounters with closest 
closing aircraft defined  by Rk < R < Rk+l and ftk < ft < ftk+l. 
(Hour 11 data) Additional disc&nination: none. 

- 

0 
0 

NOTE:  Multiply 
Numbers in table 
BY 

RELATIVE RANGE. N. HI. 

Fig.  F-2. Joint probability of observing a value of range, Rk 2 R < Rk+l  and a 
value of closing velocity, l& < ft < (to the closest  closing 
aircraft) under Hour 11 condityons. Additional discrimination: none. 
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func t ion   u sed  t o  e x t e n d   t h e   d a t a  was t h e   j o i n t   d i s t r i b u t i o n   o f  relative 

range   and   c los ing   ve loc i ty   be tween  pa i r s  of a i r c r a f t   i n  Hour 11 of t h e  

da ta   base .  

F igure  F-3 shows a ske tch   o f   po r t ions  of this   two-dimensional  

d i s t r i b u t i o n .   F i g u r e  F-4 p l o t s   t h e   m a r g i n a l   p r o b a b i l i t y   d e n s i t y  of 

relative range   be tween  pa i r s   o f   a i rc raf t ,   and   F igure  F-5 p l o t s   t h e  

marg ina l   dens i ty   func t ion  of c l o s i n g   v e l o c i t y .  The c l o s i n g   v e l o c i t y  

curve is skewed  towards  posi t ive  values  of c l o s i n g   v e l o c i t y  because 

arrivals outnumbered  departures in   t he   da t a   base .   Thus ,   mos t   o f   t he  

a i r c r a f t   i n   t h e   d a t a  were converg ing   ra ther   than   d iverg ing .  

The relative r a n g e   d i s t r i b u t i o n   r e f l e c t s   t h e   s e p a r a t i o n   s t a n d a r d s  

u s e d   i n   t h e   t e r m i n a l  area as well as t h e   t o t a l  area covered  by  the 

da ta   base .  

Computer p r i n t o u t s   o f   t h e   j o i n t   d e n s i t y   f u n c t i o n  of range  and 

v e l o c i t y   b e t w e e n   p a i r s   o f   a i r c r a f t  are g i v e n   i n   F i g .  F-6. 
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I 

Fig. F-3. Sketch  of   var ious  cross-sect ions of t h e   j o i n t   p r o b a b i l i t y   d e n s i t y  of r e l a t ive   r ange   and  
c l o s i n g   v e l o c i t y   b e t w e e n   p a i r s  of a i r c r a f t .  



.090 

.o*J 

Range 

Fig. F-4. Marg ina l   p robab i l i t y   dens i ty   func t ion  of relative range  between 
p a i r s  of  a i r c r a f t .  

Probability aoE5 

Closing  Velocity 

Fig. F-5. M a r g i n a l   p r o b a b i l i t y   d e n s i t y   f u n c t i o n  of c los ing   ve loc i ty   be tween  
p a i r s  of a i r c r a f t .  
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Fig. F-6. Continued. 
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Fig. F-6. Concluded. 
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